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Epidemiological studies have strongly supported the substitution of whole grains or whole
grain foods for refined grains in the diet to reduce the risk of type II diabetes and other
chronic diseases. However, the mechanisms of whole grain digestion, and the properties
that are responsible for the associated responses of low glycemia and slow transit time of
whole grains are still not well understood. The moderated glycemic response related to
consumption of whole grains is largely associated with dietary fiber, yet there are
properties of other components, such as starch itself, that warrant further investigation.
Gastric emptying rate, or the rate at which foods exit the stomach, is an important
physiological parameter that is also associated with glycemic response. Gastric emptying
rate is influenced by the physical attributes of a food, such as viscosity or particle size, as
well as by feedback systems that are stimulated by the digestion and fermentation
properties of food. The overall research goal of this thesis was to identify properties of
whole and refined grain foods that affect glycemic response and gastric emptying rate in
humans. The specific objectives of this research were to: 1.) identify properties of starch
in a whole grain food and its refined counterpart (brown and white rice) that could slow
starch digestion and affect gastric emptying rate in humans; 2.) investigate the purported
low postprandial glycemia of whole grain wheat food when its source and physical and
chemical properties are controlled, the role of particle size of whole and refined grains on
digestive properties, and whether whole versus refined grains actually influence gastric
emptying rate in humans; and 3.) identify a potential mechanism for slow starch digestion
of whole grain wheat milled products related to entrapment of starch within cell wall
structures. Findings from the first study showed that brown rice had significantly slower
gastric emptying compared to white rice. This was likely due to the physical presence of
its bran layer; although further increasing the slowly digestible and resistant starch
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fractions also trended to slower gastric emptying time of foods. In the second study, no
differences in glycemic response were observed between whole and refined grain porridge
meals prepared under controlled conditions and with the matched particle sizes, starch
contents, viscosity, and fiber content. The highest glycemic response was observed for
whole wheat flour and lowest for refined semolina. In the third study, starch remained
entrapped within intact cell walls of whole grain milled fractions, having limited
gelatinization properties and exposure to digestive enzymes. Overall, the thesis findings
showed that whole grain foods, when carefully matched for physical and chemical
properties and from the same source and milling streams, have minor to no differences in
glycemic response and gastric emptying rate. This is counter to the current viewpoint and
opinions that have led to dietary recommendations for increased intake of whole grain
foods. Still, this is not to say that whole grain products might not be low glycemic and have
an extended energy property, which could be due to other factors of whole grain foods such
as product density and form.

1

INTRODUCTION

Carbohydrates comprise approximately 45-65% of an individual’s daily energy
intake and serve as the body’s main energy source. About 30 million individuals suffer
from diabetes in the United States (Centers for Disease Control and Prevention, 2017), and
some of this is attributed to chronic high glycemic carbohydrate intake (Ludwig, 2002).
Glycemic carbohydrates are considered to be carbohydrate foods that can raise or lower
one’s glycemic response, or blood glucose levels, depending on its digestion profile.
Currently, the 2015-2020 Dietary Guidelines for Americans recommends that at least half
of an individual’s overall grain intake should be from whole grains or foods prepared using
whole grains, which is partly due to their association with a low glycemic response (Dietary
Guidelines for Americans, 2015).
Dietary carbohydrates vary in how they affect overall long-term health. The current
body of literature pertaining to whole grains and health includes evidence that both
supports and challenges the reported health benefits and their low glycemic property (Ye
et al., 2012; Jenkins et al., 1981; Bazzano et al., 2005). Meta-analyses on whole grain
consumption and health have often been limited in that they simply report whether an
association has been found between whole grains and reduced risk of diseases, or are
reporting on a comparison between a “high-” and “low-” intake of whole grains, which
vary in high/low levels among studies. For example, one meta-analysis reports a 25%
reduction in risk of type II diabetes with consumption of a whole grain diet (Aune et al.,
2013); however, other details such as whole grain serving size or number of whole grain
servings consumed per day are not always accounted for in these types of reports. To
address this, others have set out towards a more quantitative understanding of whole grain
consumption and reduced disease risk, finding the specific amount of whole grains that is
required to be consumed in order to see a low glycemic health benefit (Chanson-Rolle et
al., 2015). Even so, whole grain research often becomes confounded with other factors,
such as how whole grains are defined (Ferruzzi et al., 2014), or living practices, such as
physical activity and general healthy eating patterns (Kyrö et al., 2011).
In addition to a carbohydrate food consisting of either whole or refined grain types,
the quality of a carbohydrate, meaning how it positively or negatively alters health
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parameters such as glycemic response or appetite, is dependent on properties of individual
grain components. The properties of whole grain carbohydrate components (i.e., starch and
dietary fiber) vary widely in their internal structures, how they behave under certain
processing conditions, and ultimately how they are digested or fermented by the body.
There is a gap in understanding of the relationship between properties of the major
components of glycemic carbohydrates and specific physiological outcomes. A large
portion of existing data on glycemic carbohydrates, and specifically of whole grains, come
from in vitro digestion methods or epidemiological studies that form the basis of positive
health claims. Of the clinical studies investigating the health properties of whole grains;
many are confounded by various factors. More well-controlled clinical studies are needed
to identify the drivers of the observed health benefits related to whole grains.
In addition to performing well-controlled clinical studies, it is necessary to choose
appropriate health endpoints to target and measure. For glycemic carbohydrates, slow
starch digestion is important for controlling glycemia. Slow digestion of starch into the
ileal part of the small intestine has been shown to trigger the ileal brake, a hormonal
feedback mechanism that controls gastric emptying rate (van Avesaat et al., 2015). Ileal
digesting starch was shown to activate the gut-brain axis to reduce food intake (Hasek et
al., 2017). Controlling the rate of starch digestion prevents sharp rises in glycemic response
and better maintains overall blood glucose levels (Venkatachalam et al., 2009).
A frequently overlooked physiological parameter related to food digestion is gastric
emptying rate. Gastric, or stomach, emptying rate is the speed at which foods exit the
stomach and enter the small intestine for digestion. Gastric emptying rate may be controlled
by the physical attributes of a food, such as viscosity and particle size, as well as by
physiological systems that are set off by the digestion properties of a food. A relevant area
of research is to identify factors that influence or control gastric emptying rate, not only
because it is a major rate-limiting step in the digestion process, but also is highly associated
with glycemic response (Horowitz et al., 1993).
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1.1

Research Hypothesis and Specific Objectives

The overall research objective of this thesis was to identify properties of whole and
refined grain foods that may promote slow starch digestion and slow gastric emptying rate,
which moderate glycemic response and may influence satiety in humans. It was initially
hypothesized that consumption of slow starch digestion, either of whole or refined grain
foods, will delay gastric emptying rate and moderate glycemic response profiles. However,
as the research evolved, it became clear that whole grain foods are not necessarily slow
gastric emptying or low glycemic. A study was designed to control for a number of factors
to understand the actual impact of “whole grain” on these physiologically important
parameters.
The objective of the first study of this thesis work was to identify properties of starch
in a whole grain rice and its refined counterpart that relate to digestion rate, and then
determine their gastric emptying rates in the human. The second study objective was to
investigate the purported low glycemic property of whole grains and associated gastric
emptying rate. The third objective was to examine starch digestion patterns of whole grain
fractions and starch that is tightly associated with the bran structure as related to digestion.

1.2

Significance of Work

Mechanisms explaining the health benefits of whole grains are still undefined, and
most of the attention regarding the health-promoting properties of whole grains is given to
dietary fiber. Foods containing certain types of dietary fiber have been associated with
lower glycemic responses (Repin et al., 2017) and higher ratings of satiety (Harrold et al.,
2014; Rebello et al., 2016), particularly in relation to viscosity. However, most dietary
fibers do not provide a viscosity effect (Chutkan et al., 2012), and the form that the starch
is found and how it is digested could be a larger factor. In addition to physical properties,
this work investigated properties of starch within whole grain foods and physical factors
that may result in slower digestion and subsequently slow gastric emptying and lower
glycemic response. This work was also approached with slow gastric emptying rate as a
targeted outcome, for its regulation of other digestion processes downstream. Overall,
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identifying specific characteristics of whole and refined grain foods that relate to slow
starch digestion will provide opportunities to improve health properties related to them.

1.3

Thesis Organization

Chapter 1 is an introduction to glycemic carbohydrate digestion and whole grains,
and provides an overview of the significance and organization of the thesis work.
Chapter 2 is a review of the current literature on carbohydrates in whole grains and
the proposed mechanisms for their associated health benefits. It also provides an overview
on starch digestion, and its relationship to certain physiological outcomes, such as gastric
emptying and glycemic response.
Chapter 3 is an experimental chapter investigating the amylose content and in vitro
starch digestion in white and brown rice and how these contribute to gastric emptying rate
and appetite in humans.
Chapter 4 is a second experimental chapter focused on the purported low glycemic
property of whole grains, and identifying how particle size influences the gastric emptying
rate, changes in blood glucose levels, and appetitive responses to whole and refined grain
foods.
Chapter 5 is a third experimental chapter focused on understanding the starch
digestion patterns of whole grain wheat fractions by performing in vitro starch digestion
assays and using confocal microscopy to visualize starch location in regards to plant cell
walls.
Chapter 6 is an overall summary of the major findings from the thesis work, and
suggestions for future work in this area.

5
1.4

References

Aune, D., Norat, T., Romundstad, P., & Vatten, L. J. (2013). Whole grain and refined grain
consumption and the risk of type 2 diabetes: a systematic review and dose–response
meta-analysis of cohort studies. European Journal of Epidemiology, 28(11), 845858.
Bazzano, L. A., Song, Y., Bubes, V., Good, C. K., Manson, J. E., & Liu, S. (2005). Dietary
intake of whole and refined grain breakfast cereals and weight gain in men. Obesity,
13(11), 1952-1960.
Centers for Disease Control and Prevention. (2017). Estimates of Diabetes and Its Burden
in

the

United

States.

Retrieved

from

https://www.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-statisticsreport.pdf
Chanson-Rolle, A., Meynier, A., Aubin, F., Lappi, J., Poutanen, K., Vinoy, S., & Braesco,
V. (2015). Systematic review and meta-analysis of human studies to support a
quantitative recommendation for whole grain intake in relation to type 2 diabetes.
PLoS ONE, 10(6), e0131377.
Chutkan, R., Fahey, G., Wright, W. L., & McRorie, J. (2012). Viscous versus nonviscous
soluble fiber supplements: Mechanisms and evidence for fiber‐specific health
benefits. Journal of the American Association of Nurse Practitioners, 24(8), 476487.
Dietary Guidelines Advisory Committee. (2015). Scientific report of the 2015 dietary
guidelines advisory committee. Washington (DC): USDA and US Department of
Health and Human Services.
Ferruzzi, M. G., Jonnalagadda, S. S., Liu, S., Marquart, L., McKeown, N., Reicks, M., ...
& van der Kamp, J. W. (2014). Developing a standard definition of whole-grain
foods for dietary recommendations: summary report of a multidisciplinary expert
roundtable discussion. Advances in Nutrition: An International Review Journal,
5(2), 164-176.
Harrold, J., Breslin, L., Walsh, J., Halford, J., & Pelkman, C. (2014). Satiety effects of a
whole-grain fibre composite ingredient: reduced food intake and appetite ratings.
Food & Function, 5(10), 2574-2581.

6
Horowitz, M., Edelbroek, M. A. L., Wishart, J. M., & Straathof, J. W. (1993). Relationship
between oral glucose tolerance and gastric emptying in normal healthy subjects.
Diabetologia, 36(9), 857-862.
Jenkins, D. J., Wolever, T. M., Taylor, R. H., Barker, H. M., Fielden, H., & Gassull, M. A.
(1981). Lack of effect of refining on the glycemic response to cereals. Diabetes
Care, 4(5), 509-513.
Kyrø, C., Skeie, G., Dragsted, L. O., Christensen, J., Overvad, K., Hallmans, G., ... &
Halkjær, J. (2011). Intake of whole grains in Scandinavia is associated with healthy
lifestyle, socio-economic and dietary factors. Public Health Nutrition, 14(10),
1787-1795.
Ludwig, D. S. (2002). The glycemic index: physiological mechanisms relating to obesity,
diabetes, and cardiovascular disease. JAMA, 287(18), 2414-2423.
Rebello, C. J., O’Neil, C. E., & Greenway, F. L. (2015). Dietary fiber and satiety: the
effects of oats on satiety. Nutrition Reviews, 74(2), 131-147.
Repin, N., Kay, B. A., Cui, S. W., Wright, A. J., Duncan, A. M., & Goff, H. D. (2017).
Investigation of mechanisms involved in postprandial glycemia and insulinemia
attenuation with dietary fibre consumption. Food & Function.
Van Avesaat, M., Troost, F. J., Ripken, D., Hendriks, H. F., & Masclee, A. A. M. (2015).
Ileal brake activation: macronutrient-specific effects on eating behavior?.
International Journal of Obesity, 39(2), 235-243.
Venkatachalam, M., Kushnick, M. R., Zhang, G., & Hamaker, B. R. (2009). Starchentrapped biopolymer microspheres as a novel approach to vary blood glucose
profiles. Journal of the American College of Nutrition, 28(5), 583-590.
Ye, E. Q., Chacko, S. A., Chou, E. L., Kugizaki, M., & Liu, S. (2012). Greater whole-grain
intake is associated with lower risk of type 2 diabetes, cardiovascular disease, and
weight gain. The Journal of Nutrition, 142(7), 1304-1313.

7

LITERATURE REVIEW

2.1

Carbohydrate quality

Carbohydrates are the primary source of energy in the human diet and can be
categorized into one of two major types: glycemic or non-glycemic. Glycemic
carbohydrates, such as found in starchy foods, digest into glucose and affect blood glucose
profiles. Non-glycemic, or non-digestible carbohydrates, such as dietary fibers, pass
through the upper gastrointestinal tract and do not directly affect blood glucose levels.
Increased prevalence of diseases such as type II diabetes and obesity has been associated
with high (glycemic) carbohydrate intake, although the type of carbohydrate is usually
generalized. The quality of a carbohydrate in relation to its benefit or harm to health among
various foods can vary greatly and should be considered in a more scientific manner.
The term “carbohydrate quality” encompasses the nutritional and health-related
properties of food glycemic carbohydrates, describing aspects such as the rate and extent
of starch digestion, how glucose is absorbed and further metabolized by the body, and
additional physiological responses related to location of starch digestion in the small
intestine. For non-glycemic carbohydrates, it describes fermentability of dietary fiber and
its effect on the microbiome in terms of localized gut inflammation and loss of epithelial
barrier function and related to whole body health endpoints. Carbohydrate quality is
influenced by features such as the composition of the carbohydrate, interactions between
carbohydrates and other macronutrients, structural features of the carbohydrate, the food
matrix, and small molecule inhibitors of the starch-degrading enzymes and glucose
transporters. The carbohydrate quality of a food can also depend considerably on the type
of processing that the food undergoes, and the conditions employed in pre- and postprocessing and storage.
Whole grain foods are cereal-based foods that are purported to have good
carbohydrate quality. The nutritional aspects of the starchy portion of the grain, the
endosperm, must be considered in conjunction with the non-digestible dietary fiber
component, the bran layer, which will be discussed in this review.
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2.2

Whole Grains and General Cereal Structure

A whole grain is a cereal grain in its naturally occurring form, containing all of its
original components, the bran, germ and endosperm. By definition, a whole grain contains
“all the essential parts and naturally-occurring nutrients of the entire grain seed in their
original proportions. If the grain has been processed (e.g., cracked, crushed, rolled,
extruded, and/or cooked), the food product should deliver the same rich balance of nutrients
that are found in the original grain seed (Whole Grain Council, 2004).” If one of the original
components is missing, such as through the removal of bran, these grains are considered
as refined grains.
Furthermore, both single-stream and multiple-stream milling are processes used to produce
whole grain ingredients (Posner and Hibbs, 2005). In a single-stream mill, all components
of the whole grain are kept together throughout the milling process. In a multiple-stream
mill, grain components are separated, for example by size, and are recombined at the end
of the milling process in proportions that are present in the original kernel. Reconstituting
whole grain blends also involves combining the grain components into original kernel
proportions post-milling, but it may involve sourcing from different lots or vendors, which
is common in commercial flour blends (Jones et al., 2015).
Whole grain foods are less well defined (Ferruzzi et al., 2014), and are often based
on the percentage of dietary fiber or whole grain ingredients that are within a product. The
American Association of Cereal Chemists International (AACCI) defines whole grain
foods as containing “eight grams or more of whole grain per 30 grams of product (AACCI,
2013), whereas according to the Food and Drug Administration, foods must contain at least
51% whole grain ingredients in order for the product to be considered a whole grain food.
The Whole Grain Council Stamp, a label used to help consumers easily identify whole
grain products, indicates that 100% of a food’s grain ingredients are whole grains.
Cereal grain structure varies among the different types of grains, but the general
structure of a cereal grain consists of an innermost layer known as the endosperm and its
outermost layer known as the pericarp, with the germ at the ventral side near the tip cap
(Figure 2.1; Evers and Millar, 2002). The endosperm is composed of mainly starch, which
is surrounded by “block-like” cells, called the aleurone, which are mostly composed of
protein and can have a size of approximately 40-50 μm in wheat (Evers and Millar, 2002).
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2.2.1

Current Dietary Recommendations for Whole Grains

2.2.1.1 United States Dietary Guidelines Recommendations
The 2015 Dietary Guidelines for Americans recommends that at least half of total
grain intake are from whole grains, by either substituting refined grain foods with whole
grain foods, or by consuming products that are made with at least 50 percent whole grain
ingredients (Dietary Guidelines for Americans, 2015). It is recommended that individuals
over the age of nineteen consume three to six servings or more of whole grains per day,
with an extra serving recommended for males compared to females. One serving of whole
grains is considered in terms of “ounce equivalents”, where one serving could be either one
ounce (28 grams) of a food made from 100% whole grains or a portion of food that contains
16 grams of whole grain ingredients (Whole Grain Council, 2004). In addition to following
the aforementioned definition of whole grains, whole grains must be listed as the first
ingredient on the product label for a product to qualify as a whole grain food product.
While overall grain intake levels, which would include both whole and refined
grains, are met in the United States population, individuals still fall short of their
recommended daily intake for whole grains. Figure 2.2 shows that both men and women
have higher intakes of refined grains and lower intakes of whole grains than what is
recommended by the dietary guidelines across the lifespan. In the United States, the most
popular food products made with whole grains are ready-to-eat breakfast cereals, breads,
hot cereal and crackers (Bachman et al., 2008). The most commonly consumed whole
grains are wheat, oats, brown rice, and corn. Oats, rye, barley and quinoa are also consumed
frequently in whole grain form. Efforts to increase whole grain intake include further
developing whole grain-based versions of commonly consumed food products that are
typically made with refined grains, and improving the functionalities of whole grain
ingredients.

2.2.1.2 International Dietary Guidelines Regarding Whole Grains
The reported health benefits of whole grains related to low glycemia (Ye et al.,
2012) have gained global recognition and other nations have updated their
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recommendations for whole grain intake. There are general recommendations in Europe
stating that whole grain cereals are preferred, and there are also areas with more specific
recommendations for the number of whole grain servings or the amount that should be
consumed each day. For example, Scandinavian nations promote the consumption of at
least 75 grams of whole grains per day (Swedish National Food Administration 2015 and
Danish Dietary Guidelines 2013), and Australia recommends at least six servings of mostly
whole grains for adult individuals (Australian Dietary Guidelines, 2013). As in the United
States, some nations vary whole grain serving recommendations for men and women.
Canada recommends 3 – 7 servings of whole grains for adult (aged 19 – 50) women and 4
to 8 servings for men (Health Canada, 2011). Another difference in whole grain regulations
to note is in regards to labeling. For example, in Canada, the Whole Grain Stamp can be
seen on products in which 100% of their ingredients are whole grains, whereas in the
United States, the Whole Grain Stamp is seen on products in which 100% of the grain
ingredients are whole grain, but the entire product is not necessarily composed of whole
grains.
Overall, it is highly recommended to consume not only an increased quantity of
whole grains, but also a variety of whole grains, in both the United States and around the
world.

2.2.2

Proposed Mechanisms for Whole Grain Health Benefits
Whole grain components, such as dietary fiber (Montonen et al., 2003), phenolics

(Li et al., 2017), and vitamins and minerals (Thompson et al., 1994), have been associated
with lowered risk of type II diabetes, cardiovascular disease and obesity. However, the
underlying mechanisms for these associations are unclear. The individual whole grain
components identified to have positive health outcomes are mainly found within the bran
layer, which is removed during grain milling in the refining process. Because of the
removal of these components, and the high level of starch that remains, it is believed that
the nutritional value of refined grains has been reduced.
The majority of proposed health benefitting mechanisms revolve around dietary
fiber, which will be discussed below.
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2.2.2.1 Dietary Fiber
Dietary fiber is defined as “the edible parts of plants or analogous carbohydrates
that are resistant to digestion and absorption in the human small intestine with complete or
partial fermentation in the large intestine. Dietary fiber includes polysaccharides,
oligosaccharides, lignin, and associated plant substances. Dietary fibers promote beneficial
physiological effects including laxation, and/or blood cholesterol attenuation, and/or blood
glucose attenuation (DeVries, 2003).”
In simplest terms, dietary fiber can be classified as soluble or insoluble. Soluble
fiber generally is better fermented by the microbiota in the colon and can be considered to
be more beneficial to colonic health compared to insoluble fiber. However, some insoluble
fiber types are also readily fermented in the colon. While both soluble fiber and insoluble
fiber have been associated with decreased risk for diabetes, soluble fiber has a greater
association with diabetes than does insoluble fiber (Meyer et al., 2000). This same cohort
study demonstrated difference in health risk depending on the source of dietary fiber, by
showing that cereal fibers had a higher inverse relationship with diabetes compared to fruit
fibers. Foods or meals that are high in dietary fiber have been recommended for their ability
to attenuate glycemic response, as well as increase satiation and satiety (Jenkins and
Jenkins, 1985; Willis et al., 2009).
It is important to note that although whole grains are often recommended for
increasing intake of dietary fiber, not all whole grains provide an equal, or even a high,
amount of fiber. For example, brown rice contains less than 4% dietary fiber, whereas
barley can contain around 17% dietary fiber (Table 2.1). Furthermore, the dietary fiber
found within whole grains varies in type, its functional properties and physiological fate.

2.2.2.1.1 Viscous and Non-Viscous Fibers
Besides being categorized by solubility, dietary fibers also differ their viscosity
property. Soluble fibers can be further classified as viscous, or gel-forming, and nonviscous,
or non-gel forming, fibers. An example of viscous fiber is β-glucan, a naturally-occurring
polysaccharide found in oats and some barleys (Anttila et al., 2004; Cavallero et al., 2002).
Examples of soluble non-viscous fiber are inulin or fructooligosaccharide (McRorie and
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McKeown, 2016). Insoluble fibers from cereals, such as wheat or rice bran, are low- or
non-viscous forming. Fiber-rich foods are typically recognized as low GI foods. However,
this is likely more related to foods containing viscous fibers that moderate starch digestion
(Marciani et al., 2001).

2.2.2.2 Evidence from Epidemiological Studies Relating Whole Grains to Lower
Postprandial Glycemia
A meta-analysis by Ye et al. found that individuals consuming 3-5 servings of
whole grains per day (~50 grams) had a lower risk of type II diabetes compared to
individuals that did not regularly consume whole grains (Ye et al., 2012). A cohort study
showed an inverse relationship between whole grain intake and risk of type II diabetes
based on a one year dietary recall and follow-up examinations over a period of ten years
(Montanen et al., 2003). An inverse relationship was also found between cereal fiber intake
and risk of type II diabetes, and it was suggested by the authors that increased intake of
cereal fiber was the driver of lowered disease risk with whole grain consumption. Results
from a cross-sectional analysis of seven-day dietary records from individuals concluded
that whole grains and dietary fiber from cereal grains is inversely associated with blood
glucose and fasting insulin levels (Newby et al., 2007).. In this study, although refined
grains were positively associated with fasting insulin levels in women, no other negative
risk factors were observed.
There are some limitations to consider in whole grain observational studies. Firstly,
the data collected is largely based on self-reported information, which can lead to
misclassifications of the types or amount of foods consumed, although attempts to reduce
bias are employed. Secondly, not all epidemiological studies fully correct for lifestyle
factors such as physical activity, which may lead to larger attributions for more controlled
glycemia to whole grain intake. Individuals that typically consume whole grains in place
of refined grains may also have a greater likelihood of following other health-benefitting
practices, such as exercising and following a less sedentary lifestyle (Aune et al., 2013).
Thirdly, it is not always possible to correct for family history of disease, such as type II
diabetes, and an individual’s degree of risk. Another challenge in studying whole grains
and their effect on glycemia and disease risk is that they are based on relative comparisons
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between whole and refined grain products, or levels of whole grain intake within one’s diet
(i.e. high whole grain intake versus lower intake), and these levels vary greatly among
studies. Chanson-Rolle et al. conducted a meta-analysis on clinical studies of whole grain
intake to define a quantitative relationship to type II diabetes. Results from this analysis
indicated that three servings of 45 grams of whole grains would be associated with a 20%
reduction in risk for type II diabetes (Chanson-Rolle et al., 2015).
The type of processing that is used to prepare whole grains is also a factor to
consider in the literature. For example, a systematic review on whole grain oat cereal
studies showed that oats that were processed to have smaller particle sizes and as instant
cereals consistently showed higher glycemic responses compared to oats that underwent
less processing (Tosh and Chu, 2015). Oats were considered as whole grain in all of the
studies that were included in the review; however, their glycemic impacts were actually
quite different from each other.

2.2.2.3 Evidence from Clinical Studies Related to Whole Grains and Glycemia
Clinical studies have assessed the impact of whole grains on glycemia. However, it
is difficult to find consistent relationships between any food, particularly whole grain foods,
and certain health outcomes for several reasons. One is that there is high individual
variability in digestion and metabolism, and different individuals may respond to the same
food product or meal very differently (Vega-Lopez, et al., 2007). One mechanism by which
whole grains may reduce risk of type II diabetes is through improvement of insulin
sensitivity. Fasting insulin of overweight participants that consumed a diet of whole grain
food products for six weeks was 10% lower at the end of the feeding period compared to
participants that were placed on a diet consisting of refined grain products (Pereira et al.,
2002). However, a crossover study that placed participants on a whole grain diet, as well
as a refined grain diet, for six weeks, did not find any differences in insulin sensitivity
between the whole and refined grain diet periods (Andersson et al., 2007).
Another randomized controlled trial in healthy men and women was conducted to
assess the effects of substituting whole grains for refined grains under weight maintenance
conditions. After two weeks on the same diet, participants were assigned to either a whole
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grain-rich diet or a refined grain-rich diet for six weeks, where all food and drinks were
provided (Karl et al., 2017). Glucose tolerance was measured with an oral glucose tolerance
tests (OGTT, 75 g glucose solution) before and after individuals were placed on their
assigned diets. Individuals placed on a whole grain-rich diet had a larger reduction in
fasting blood glucose levels as well as OGTT areas under the curve in comparison to those
on the refined grain-rich diet, suggesting a low glycemic effect of whole grains.
Considerations in these studies are that foods supplied for the diets were commercially
available products, and it may not always be possible to match the exact foods that
individuals are consuming. As also noted in the study by Karl et al., although the
macronutrient distributions of each diet were matched, this does not always imply that the
foods within each diet were the same. Therefore, it is possible that some of the observed
differences in these studies may be related to other components of the diet besides the grain
products.
Glycemic health benefits of whole grains have largely been attributed to the bran,
the dietary fiber-rich component. However, in a study comparing the glycemic profiles of
whole grain rye products, the lowest blood glucose levels were seen in participants after
consumption of the rye endosperm meal, suggesting other factors of whole grains that are
responsible for lowering glucose besides bran fiber (Rosén et al., 2009). Another study did
not show any changes in glucose or insulin sensitivity, along with other biomarkers for
cardiovascular disease, among participants that were placed on a control (no change in
eating patterns) diet, a whole grain diet (60 g/day) or a diet with two cycles of whole grain
diets (60 g/day followed by 120 g/day) for eight weeks, even though they were regular
consumers of refined grains (Brownlee et al., 2010). In general, more clinical studies are
needed to fully understand the impact of incorporating whole grains into the diet.

2.3
2.3.1

Gastrointestinal Tract

Stomach
Once food is ingested, the body processes it in a way so that most its nutritional

content can be digested and absorbed. This process begins as soon as the food enters the
mouth, with chewing, and continues with mixing in the gastric compartment, or stomach.
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While the stomach is mainly a storage compartment for ingested food until it passes
through to the small intestine, it also plays a critical role in the digestion process, through
the mixing, grinding and sieving of the meal. These actions further prepare the food for
digestion and nutrient absorption.
The stomach is segmented into various regions: the upper smaller regions
immediately following the esophageal sphincter, known as the cardia and fundus, followed
by the corpus, or the body, and finally the lower region of the stomach, the antrum, before
exiting the stomach through the pyloric chamber and sphincter and entering the duodenum
of the small intestine (Figure 2.3; Kong and Singh 2008). The corpus of the stomach is
where initiation and control of the strong contractions and mixing within the stomach occur,
and this area is further be separated into the proximal and distal regions. The proximal
region refers to the upper corpus, and is in contact with the fundus, and the distal region
refers to the lower corpus, near the antrum and pylorus (Johnson, 2007). When food is
ingested and enters the stomach, it undergoes mixing with gastric juices to form chyme,
and is subjected to intense grinding motions by being pushed between the proximal and
distal parts of the stomach by strong peristaltic waves.
Manometric studies on the pyloric sphincter movement and pressure changes
during a fed state suggest that there are different types and depths of contractions at the
pylorus and within the antrum depending on the viscosity of the meal (Pröve and Ehrlein,
1982). Compared to medium and high viscosity meals, stomach waves were deeper with
low viscosity materials, pushing these materials into the duodenum quickly. Retropulsive
waves continued to move the medium and high viscosity meals back across the antrum to
be further liquefied, suggesting a sort of sensing of different types of materials that occurs
at the pylorus to facilitate more movement and separation of materials into pieces that are
able to leave the stomach.

2.3.2

Small Intestine and Associated Inhibitory Feedback Mechanisms
Food particles mixed with gastric juices leave the stomach through the pylorus as

chyme and enter the small intestine, the main site of digestion and absorption of nutrients
in the body. The small intestine can be up to approximately six to seven meters long in
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adult humans (Stevens, 1995), and is composed of three parts: the duodenum, the proximal
or middle part of the small intestine, the jejunum, and the ileum, the distal portion.
Following the small intestine, any undigested or unabsorbed materials continue to the large
intestine. The regulation of the motility of food through the gastrointestinal tract are
mediated by gut peptides and the nervous system, and these aspects will be discussed below.

2.3.2.1 Gut Hormones
The regulation of food intake and appetite is partly related to the release of gut
hormones and their participation in feedback mechanisms in the body that regulate gut
motility, energy delivery and satiety, or feeling of fullness between meals (Murphy and
Bloom, 2006). With the exception of ghrelin, most gut peptides, such as cholecystokinin
(CCK), glucagon-like peptide-1 (GLP-1) and peptide tyrosine tyrosine (PYY), are appetitesuppressing hormones. The location from which these gut peptides originate varies.
Ghrelin is secreted in the stomach, and CCK is mainly secreted in the upper small intestine,
the duodenum (Steinart et al., 2017). Satiety-inducing hormones that are secreted
principally in the distal small intestine and colon, GLP-1 and PYY, will be of focus here.
GLP-1 and PYY are both secreted by enteroendocrine L-cells in response to meal
stimuli. They are both present in increasing abundance in the distal small intestine and
proximal colon (Steinart et al., 2017), The amount of release of GLP-1 and PYY has been
found in proportion to the number of calories consumed at a meal (Degen et al., 2005;
Vilsboll et al., 2003).
GLP-1 is considered the second-known incretin hormone after gastric inhibitory
polypeptide (GIP), and is a product of proglucagon cleavage and post-translational
processing in the intestines, (Kim and Egan, 2009). As an incretin hormone, GLP-1
stimulates the secretion of insulin in response to glucose (Nauck et al., 1993). Following a
meal, GLP-1 is released into the bloodstream and follows a biphasic pattern, with two
occurring peaks. The first rise in GLP-1 is seen quickly after the ingestion of a meal, within
approximately 10-15 minutes, and a second rise is observed after 30 minutes (Vilsboll et
al., 2003). GLP-1 is also responsible for inhibiting gastric emptying and increasing satiety
or feelings of fullness (Meier et al., 2003; Flint et al., 1998).
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PYY is a 36-amino acid peptide that has two endogenous forms, PYY1-36 and PYY336.

PYY1-36 is more present in the bloodstream during fasting and is cleaved by dipeptidyl

peptidase-4 (DPP-IV) into PYY3-36 postprandially, which is then more present in the fed
state (Delzenne et al., 2010). PYY follows a biphasic response pattern, with the first peak
in levels seen within 15 minutes of ingestion of a meal, and the second peak at about 90
minutes post-ingestion of the meal, with levels dropping several hours later (De Silva et
al., 2012). Since the first peak in PYY occurs before nutrients would be absorbed in the
distal gut, this rise in PYY is attributed to a neural response to the meal, whereas the
extended levels of PYY are nutrient-driven, particularly protein and fat (Helou et al., 2008).
Like GLP-1, studies have shown that PYY inhibits gastric emptying and suppresses
appetite (Batterham and Bloom, 2003; Savage et al., 1987). Intravenous infusion of PYY
has also been shown to significantly reduce food intake in humans by 36% in comparison
to a saline solution (Batterham et al, 2002; Batterham et al., 2003).

2.3.2.2 Ileal Brake Mechanism
The specific location of where starchy foods are digested in the upper
gastrointestinal tract may have an effect on how our body responds to that food. The ileal
brake is a physiological inhibitory feedback mechanism that controls meal transit and
energy intake when foods are digested in the farthest area of the small intestine, the ileum
(Figure 2.5; Lee et al., 2013). The presence of nutrients in the ileum triggers the L-cells to
release satiety-inducing hormones, such as GLP-1 and PYY (Maljaars et al., 2008).
Perfusing a mixed nutrient solution into the ileum of dogs increased levels of GLP-1 and
PYY and slowed gastrointestinal motility, demonstrating the role of hormones in the ileal
brake (Wen et al., 1995). Furthermore, perfusing carbohydrates into the ileum slowed meal
emptying rate from the stomach more than nutrient absorption in the duodenum (Lin et al.,
1992; Lin et al., 1989), and carbohydrates were the most potent in slowing emptying rate
at lower concentrations (Siegle et al., 1990). In humans, slower gastric emptying rate has
also been seen when starch is digested more slowly and into the ileum (Cisse et al., 2017).
When nutrients such as glucose, peptides and fatty acids are absorbed in the ileum,
gut hormones such as GLP-1 and PYY are secreted into the bloodstream as signals to affect
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appetite control systems and how quickly a meal empties from the stomach (Figure 2.6;
van Avesaat et al., 2014). In humans, ileal infusion of low and high doses (17.2 and 51.7
kcal, respectively) of carbohydrate (sucrose), lipid (safflower oil), and protein (casein)
sources showed significant decreases in food intake compared to a saline control, as well
as a delay in gastric emptying (van Avesaat et al., 2014).

2.3.2.3 Gut-brain Axis
Food intake is also controlled through bidirectional communication between the
gastrointestinal tract and the central nervous system, known as the gut-brain axis (Konturek
et al., 2004). The hypothalamus and the brainstem are critical regions in the brain for the
control of appetite and feeding behaviors, and the vagus nerve transmits neuronal signals
and feedback from the intestines to these brain regions (Sam et al., 2012). Evidence shows
that gut hormones released by enteroendocrine cells in the gastrointestinal tract in response
to meal stimuli can affect appetite and food intake via the vagus nerve or by entering
circulation and signaling neurons directly in the brainstem (Murphy and Bloom, 2006;
Scarlett and Schwartz, 2015). We have demonstrated in an animal study that slow digesting
carbohydrates can stimulate the gut-brain axis by suppressing gene expression of appetitestimulating neuropeptides, and ultimately lower daily food intake (Hasek et al., 2017).
Overall, the central nervous system is responsible for integrating complex signals from
both the external environment and from receptors within the gastrointestinal tract, to
mediate food intake and maintain overall energy homeostasis (Harold et al., 2012).

2.3.3

Colonic Fermentation and Colonic Brake Mechanism
The gut microbiota in the large intestine, which is principally the colon in the

human, also contributes to the metabolic processing of carbohydrates in the body.
Carbohydrates are an energy source to bacteria in the colon, where they may be fermented.
Short chain fatty acids (SCFA), such as acetate, propionate and butyrate, are the main
products of bacterial fermentation. SCFAs have been associated with increased levels of
appetite-suppressing hormones, GLP-1 and PYY (Byrne et al., 2015), signaling slower
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gastrointestinal motility and delayed gastric emptying, a phenomenon referred to as the
colonic brake.

2.4

Gastric Emptying Rate and Relationship to Glycemic Response and Satiety
Gastric, or stomach, emptying rate describes the rate at which foods are leaving the

stomach through the pylorus and entering the small intestine for absorption. It is the ratelimiting step in the transit of food through the gastrointestinal tract. Once foods or nutrients
enter the small intestine, they are relatively quickly absorbed, so controlling how and when
foods empty from the stomach is important for slowing the overall rate of digestion.
Gastric emptying rate is also highly associated with glycemic response (Figure 2.4).
In both normal, healthy individuals and individuals with type II diabetes, blood glucose
levels were observed to be significantly correlated with gastric half-emptying times (Jones
et al., 1996; Horowitz et al., 1993; Marathe et al., 2013), with higher blood glucose levels
seen when more content had been emptied from the stomach. Higher levels of satiety have
also been related to longer half-emptying times (Jones et al., 1996; Clegg et al., 2013).
Gastric emptying rate is believed to affect satiety through nutrient delivery into the small
intestine and stimulating the release of appetite-suppressing hormones. It has also been
demonstrated that slow gastric emptying induces gastric distension, or expansion of the
stomach, which signals the feeling of fullness through the vagus nerve (Wang et al., 2008).

2.4.1

Approaches to Control Gastric Emptying Rate and Glycemic Response in Humans
Food properties have been altered in an attempt to slow the digestion of food, which

in turn can signal slower gastric emptying through feedback mechanisms as described in
2.3.2.2, or lengthen gastric retention time, or the time that foods remain within the stomach
being mixed. Physical properties have been used to slow the emptying rate of food from
the stomach (Zhu et al., 2013), and as physical barriers to enzymatic digestion in the small
intestine (Brennan et al., 1996). Slow starch digestion is also a target used for controlling
the gastric emptying rate of a meal (Cisse et al., 2017) and reducing postprandial glycemic
response (Anderson et al., 2010).
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2.4.1.1 Physical Properties of Foods Affecting Digestion
2.4.1.1.1 Food Form and Matrix
Perhaps the most notable properties of foods that affects gastric emptying is the
form, or the state, of the ingested food, namely whether the food is consumed as a liquid
or a solid. The stomach has been shown to sieve, or separate, its liquid content from its
solids, and liquids empty much more quickly compared to solids (Collins et al., 1991; Kelly,
1980). In studies to reduce the effect of gastric sieving, participants were fed a meal
containing a solid and liquid portion as well as this same meal blended into a homogenized
or soup form (Santangelo et al., 1998; Marciani et. al, 2012). Gastric emptying was slower
for the blended meal, and this was attributed to the rapid initial emptying of the liquid
portion of the meal. The glycemic responses to solid foods has also followed a different
pattern compared to liquids. Rapid increases in blood glucose followed by sharp decreases
have been noted after consumption of liquids, whereas slightly slower increases and less
dramatic drops in blood glucose have been seen with solid foods (Ranawana and Henry,
2011).

2.4.1.1.2 Viscosity
Viscosity is another characteristic of food that is important in regards to gastric
motility and satiety. Viscosity is defined as a material’s resistance to flow (Bourne, 2002).
Increasing the viscosity of a meal, particularly using β-glucans, has been shown to reduce
postprandial glycemic response (Cavallero et al., 2002; Regand et al., 2011) through
delayed gastric emptying (Leclère et al., 1994; Gopirajah et al., 2016) or reducing starch
digestibility (Regand et al., 2011). Zhu et al. found that a high viscosity semi-solid meal
(chocolate pudding with guar gum) had a significantly slower gastric emptying rate
compared to a standard viscosity (chocolate pudding) meal; however, viscosity did not
have a large effect on glycemic response (Zhu et al., 2013). The high viscosity meal also
had a slightly longer eating time compared to the standard viscosity meal, which is a
consideration when investigating the mechanisms of slow gastric emptying and appetite
regulation. Meals with high viscosities are typically described as more satiating than those
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with lower viscosities (Mattes and Rothacker, 2001), which has also been suggested to be
a result of longer stomach retention times (Marciani et al.2001).

2.4.1.1.3 Particle Size
Milling and grinding are used to reduce the particle size of foods, such as reducing
cereals from a whole grain wheat form to a flour, and making of refined flours after bran
and germ removal. Depending on the mill used and the application for the ground or milled
products, the functionality of the cereal may change. For refined flours, milling removes
the bran and germ layers from the grain, leaving the endosperm which is ground to flour.
When cooked or further processed, generally the starch component is rapidly digested by
the starch-degrading enzymes in the body. Studies show that the particle size is inversely
related to starch digestibility and starch digestion rate (Edwards et al., 2015; Guo et al.,
2017). In vitro as well as in vivo studies have shown that simple reduction of the particle
size increases the surface area that is exposed to hydrolytic enzymes and increases its
digestion rate, and this can be a factor in processed products (Guo et al., 2017; Mandalari
et al., 2016). When whole maize kernels, cracked maize kernels, and fine maize flour were
isocalorically incorporated into meals, slower digestion rates and lower glycemic and
insulinemic responses were observed for the larger sized particles, whole and cracked
maize kernels, compared with the fine maize flour (Heaton et al., 1988).
It has been shown that grain-based foods with starting materials of different particle
sizes elicit varying glycemic responses in humans (Edwards et al., 2015; Mandalari et al.,
2016). A porridge meal prepared from wheat endosperm of coarse (2 mm) particle sizes
resulted in 33% lower 120-minute incremental areas under the curve for blood glucose
compared to the meal prepared from smooth (< 0.2 mm) particles in healthy ileostomized
patients (Edwards et al., 2015). In another study, white rice that was consumed and
swallowed in its whole kernel form (> 2 mm), and not broken down into smaller pieces
(500-1000 μm) during chewing, had a significantly lower glycemic response than rice
swallowed as smaller sized particles (Ranawana et al., 2011). The same observation has
also been seen with cooked brown rice and ground brown rice where lower glycemic
response profiles are observed (Collier and O’Dea, 1982).
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Before exiting the pylorus of the stomach and entering the duodenum, food must
be physically reduced to a particle size between approximately 1-2 mm (Meyer et al., 1981).
Particles larger than this will continue to be subjected to the grinding contractions of the
stomach until a small particle size is reached, although it has been reported that particles
of this size and larger have passed through the upper gastrointestinal tract (Edwards et al.,
2015). Therefore, foods with larger particle sizes may be associated with lower glycemic
responses due to a longer period of time within the stomach, although this has not been
extensively studied.

2.4.2

Slow Starch Digestion
As described in 2.3.2.2, concentrations of glucose in the distal small intestine have

also been shown to affect gastric emptying rate. When equicaloric levels of amino acids,
oleic acid and glucose were perfused into the ileum of dogs, gastric emptying rate was
decreased the most by the glucose load (Siegle et al., 1990). This study suggests the
importance of not only making efforts to slow the digestion of starch, but also to target the
specific location of starch digestion in the ileum to further affect physiological feedback
mechanisms. This has also been demonstrated in humans, where gastric emptying rate was
significantly delayed when slowly digestible starch was consumed (Cisse et al., 2017).
Currently, main efforts have been made to significantly slow the rate of starch digestion
within the body in order to reduce the postprandial glycemic response to foods.

2.4.2.1 Starch and Factors Affecting its Digestibility
Starch is the most commonly consumed carbohydrate in the diet. Starch is a
polymer of glucose, composed to two main constituents: amylose and amylopectin.
Amylose is a primarily linear chain of glucose units bonded by α-1,4 linkages, and can
form single or double helices (BeMiller and Whistler, 2009). Amylopectin is a highly
branched chain of glucose with a linear backbone of α-1,4 linked glucose units and α-1,6
linked branching points.
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When starch is heated in water, starch granules absorb water and swell, the
crystallite structure melts, and amylose begins to leach out of the granule. The double
helices of the starch polymer chains melt and are disrupted, undergoing a process known
as gelatinization (BeMiller and Whistler, 2009. Upon cooling, amylose and amylopectin
chains may reassociate into ordered structures, ultimately affecting starch digestibility, and
this process is known as retrogradation (Figure 2.7, Goesaert et al., 2005). Amylose is
known to affect the nutritional property of starch, because it retrogrades quickly during
cooling to form resistant starch, and in some cases both slowly digestible and resistant
starch. Amylopectin retrogrades more slowly and is a factor in formation of slowly
digestible starch (Zhang et al., 2006). Amylose-to-amylopectin ratio of starches varies from
source to source, but amylose typically comprises about 20% of total starch, dry weight
basis, and the remainder is amylopectin. Some specialty starch varieties, such as highamylose maize, contain up to 70% amylose. The relationship between the amylose-toamylopectin ratio and digestibility in terms of development of resistant starch and slowly
digestible starch has been studied extensively (Srichuwong et al., 2005; Zhang et al., 2006).
While correlations between amylose:amylopectin ratio and rheological and digestive
properties have been made, because of the complexity of starch and carbohydrates, a clear
structure-function relationship has not been defined.
Amylose content may have an influence on physiological effects of starch, along
with starch-protein interactions and starch-lipid interactions, according to a study using
rice that ranged from 1% to 28% amylose content (Juliano and Goddard, 1986). When
starches from different sources (Kabir et al., 1998) as well as the same source (Goddard et
al., 1984) were compared, those containing a higher level of amylose were most associated
with lower digestibility, lower glycemic responses and even higher levels of satiety (van
Amelsvoort and Westrate, 1992). Thus, starches with moderately higher amylose levels,
but are still within the normal amylose content range, likely have improved physiological
endpoints. Amylopectin fine structure is also a factor that influences the digestibility of
starches. Structures with higher proportion of internal long chains and long external chains
retrograde faster and provide a slow digestion property, as well as very highly branched
amylopectin structures (Zhang and Hamaker, 2008).
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The size and morphology of starch granules found within cereal grain species also
vary. For example, two commonly consumed whole grain cereals are rice and wheat. Rice
starch granules are the smallest of the cereals ranging between 2 and 7 µm (Wani et al.,
2012) whereas wheat starch consists of both larger A-type (> 10 μm) and smaller B-type
granules (< 10 μm) (Tao et al., 2016). These differences in granule size have been shown
to affect starch composition and functionality.

2.4.2.1.1 High-Amylose Starches
Classification of starches as being “high-amylose” is specific to a grain. For
example, high amylose maize starch can contain up to 70% amylose, whereas rice could
also be considered as high in amylose if it contains 30% amylose (Juliano et al., 1987), and
high-amylose wheat could be cultivars containing up to 38% amylose (Hallström et al.,
2011). When high-amylose maize starch (60 – 65% amylose) was added to a cookie
formulation at increasing levels, in vitro starch digestion results showed higher amounts of
slowly digestible and resistant starch fractions compared to normal amylose white wheat
flour (23 – 26% amylose) (Giuberti et al., 2015).

2.4.2.1.2 Classifications of Starch
Starch is commonly classified in terms of digestibility according to an in vitro
starch digestion assay based on time known as the Englyst method (Englyst et al., 1992).
In this assay, starch is classified as rapidly digestible starch (RDS), slowly digestible starch
(SDS), and resistant starch (RS). RDS is considered to be starch that is digested within the
first 20 minutes of the assay and represents digestion in the proximal small intestine, the
duodenum. SDS is starch that is digested between 20 and 120 minutes of the assay and
represents starch that would be digested further in the small intestine, such as in the jejunum
or ileum. Any starch remaining after 120 minutes is RS and what would travel to the colon
to be fermented.
RS is further classified into four types (Sajilata et al., 2006): RS1, which is
physically inaccessible to digestive enzymes; RS2, starch that is ungelatinized (raw or
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native starch granules); RS3, retrograded starch; and RS4, starch that is resistant due to
chemical modifications such as cross-linking. RS3, retrograded starch, is the form of
resistant starch that is formed after gelatinization either during processing or the cooling of
amylose-containing starching foods, and remains thermally stable. Resistant starch is
included in the category of dietary fiber, since it is not digested in the small intestine and
is easily fermented (Cummings et al., 1996).
RDS is usually associated with high glycemic index foods or high glycemic
responses (Anderson et al., 2010). Likewise, increasing in vitro SDS and RS fractions of
foods has been shown to be related to lower glycemic responses (He et al., 2007;
Venkatachalm et al., 2009). While using in vitro starch digestibility classifications are
useful for relative purposes, in vivo glycemic response would be the true determinant of
the digestion property of starch. One proposed concept for evaluating the glycemic
property of starch is the extended glycemic index (EGI), which is defined as the area of the
glycemic response curve of a sample after the glucose control extending out to the baseline
(Zhang and Hamaker, 2009). Efforts to improve the translatability of in vitro digestion
assays into true digestion profiles in humans are being made; however, the predictability
of a food’s digestion and glycemic response continues to be challenging.

2.4.2.1.3 Approaches to Manipulate Starch Fractions
Various treatments have been used to manipulate the starch fractions found within
a food to increase the slowly digestible or resistant starch fractions for the health benefits
associated with slower starch digestion, namely an attenuated glycemic response (Sands et
al., 2009). Enzymatic approaches used to slow the digestion of starch involves applying
branching enzymes to increase the branching density of amylopectin and inhibit the
binding of amylase to the starch substrate (Ao et al., 2007). One type of physical treatment
used to manipulate the digestibility of starch fractions is storage temperature-cycling.
Temperature-cycling involves fluctuating the temperatures at which a material is stored to
facilitate the retrogradation of starch. Starch retrogradation or crystallization consists of
three phases: nucleation, the formation of critical nuclei; propagation, crystal growth from
the nuclei; and maturation, the continued growth and perfection of the crystallites formed
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(Figure 2.8; Goddard et al., Zhou et al., 2010; Park et al., 2009). One study has shown over
40% increases in SDS and RS in maize flours stored under temperature-cycling conditions
(4°C/30°C) for up to 16 days (Park et al., 2009), showing the potential of certain physical
treatments for altering the digestibility of starch.

2.5
Investigating

the

health

Final Remarks
properties

of

carbohydrates,

including

whole

grains,integrates physical and chemical properties of each component of the grain, the
associated physiological impact, along with regulatory guidelines and labeling
considerations. Current literature suggests the potential for whole grains to provide a
number of glycemic health benefits, though they might also be obtained in refined grain
products once structure-function mechanisms are better known. Further clarification is
needed in order to identify the specific components of cereal grains in general to leverage
in making healthy grain food products.
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Table 2.1 Dietary fiber content of commonly consumed whole grains (Adapted from
Ferruzzi et al., 2014)
Grain

g/100 g grain

Brown rice

3.5

Corn, yellow

7.3

Oats

10.6

Wheat

12.2

Rye

15.1

Barley

17.3
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Figure 2.1 General structure of a cereal grain (taken from Evers and Millar, 2002)
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Figure 2.2 Average daily whole and refined grain intakes of males and females from one
to over 71 years of age compared to recommended intake levels (2015-2020 Dietary
Guidelines for Americans, based on data from What we eat in America, National Health
and Nutrition Examination Survey [NHANES], 2007-2010)
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Figure 2.3 Segmented regions of the stomach (taken from Kong and Singh, 2002)

43

Figure 2.4 Relationships among gastric emptying, postprandial glycemic response and
incretin hormones (Taken from Marathe et al., 2013)
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Figure 2.5 Schematic of ileal and colonic brake mechanisms, as triggered by slowly
digestible starch and resistant starch (or dietary fiber). SCFA = short chain fatty acids;
GLP-1 = glucagon-like peptide 1; PYY = peptide tyrosine tyrosine. (Taken from Lee et
al., 2013)
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Figure 2.6 Food intake (kcal) of an ad libitum meal after ileal infusion of saline control
(C), safflower oil (HL), low-dose casein (LP), high-dose casein (HP), low-dose sucrose
(LC) and high-dose sucrose (HC). Bars are shown as means and standard error, and
significance is noted as *p<0.005 and #p<0.0001 (Taken from van Avesaat et al., 2015).
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Figure 2.7 Behavior of starch in water during heating (cooking), cooling, and storage. I:
Native starch granules; IIa and IIb: Starch granules swelling and gelatinizing, and
amylose beginning to leach from granules; IIIa: starch retrogradation during cooling and
storage, and formation of ordered amylose and amylopectin molecules (Taken from
Goesaert et al., 2005).
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A

B

Figure 2.8 Crystallization of amylose (A) and amylopectin (B) during fast and slow
cooling or retrogradation (Taken from Goodfellow and Wilson, 1990)
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IN VITRO STARCH DIGESTIBILITY AND
GASTRIC EMPTYING RATES OF WHITE AND BROWN RICE
VARYING IN AMYLOSE CONTENT1

3.1

Abstract

Consumption of whole versus refined grain foods is recommended by nutrition or
dietary guideline authorities of many countries, yet specific aspects of whole grains leading
to health benefits are not well understood. Gastric emptying rate is an important
consideration, as it is tied to nutrient delivery rate and influences glycemic response. Our
objective was to explore two aspects of cooked rice related to gastric emptying, 1) whole
grain brown versus white rice and 2) potential effect of elevated levels of slowly digestible
starch (SDS) and resistant starch (RS) from high-amylose rice. Ten healthy adult
participants were recruited for a crossover design study involving acute feeding and testing
of 6 rice samples (50 g available carbohydrate). Gastric emptying rate was measured using
a 13C-labeled octanoic acid breath test. A rice variety (Cocodrie) with high-amylose content
were temperature-cycled to increase SDS and RS fractions. In vitro starch digestibility
results showed incremental increase in RS in Cocodrie after two temperature cycles. For
low-amylose varieties, SDS was higher in the brown rice form. In human subjects, lowand high-amylose brown rice delayed gastric emptying compared to white rices regardless
of amylose content or temperature-cycling (p<0.05). Whole grain brown rice had slower
gastric emptying rate, which appears to be related to the physical presence of the bran layer.
Extended gastric emptying of brown rice explains in part comparably low glycemic
response observed for brown rice.

3.2

Introduction

The 2015 Dietary Guidelines for Americans, as well as similar authorities in other
countries, recommends increased consumption of whole grains (Dietary Guidelines for
Americans, 2015). Diets with whole grains, compared to refined grains, are associated with
This chapter is published in part in “Pletsch, EA and Hamaker BR. 2017. Brown rice compared to white
rice slows gastric emptying in humans. European Journal of Clinical Nutrition. doi: 10.1038/s41430-0170003-z.”
1
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low glycemic response and decrease in risk of type-2 diabetes and cardiovascular disease
(Kristensen et al., 2012; Ye et al., 2012; Tighe et al., 2010). Although the low glycemic
response of whole grain foods is often attributed to the fiber component, the overall basis
of its action is not clear (Lattimer et al., 2010). Viscous fibers have been implicated
(Hallfrisch et al., 2000), but not all whole grains have viscous fibers. For instance, whole
grain brown rice does not contain viscous fiber and only contains around 2% total dietary
fiber (Champagne, 2004), but has been shown to have a lower glycemic index than white
rice8 and is associated with lower incidence of diabetes (Sun et al., 2010). In another study
(Brand-Miller et al., 1992), only one of three rice varieties tested (Pelde v.) had reduced
glycemic index in the brown rice. Other factors that pertain to grains, whether whole or
refined, can also influence glycemic response, such as particle size and structural
components.
Glycemic response of whole grains is dependent on both rate of digestion of starch
and how fast the meal is emptied from the stomach. When gastric emptying rate is slow, it
is positively correlated with low glycemic response (Horowitz et al., 2002; Marathe et al.,
2013). There is a less clear, though sometimes reported, relationship between slow gastric
emptying and appetite response (Clegg et al., 2013; Geliebter et al., 2015).
For whole grain brown rice, its low glycemic response compared to white rice could
be related to a slow gastric emptying rate. Brown rice contains bran that is removed during
milling to make white rice. Its physical form has multiple cell layers that give an integrity
and toughness to the kernel that may reduce its rate of breakdown in the stomach, thus
reducing gastric emptying rate. A pig study showed that brown rice takes longer than white
rice to break down and that the bran layer separates and accumulates in distal stomach
(Bornhorst et al., 2013). While this resulted in slower protein (bran) emptying from the
stomach, emptying of starch and dry matter were the same as white rice, which suggests
that the whole grain components are emptied differently in the stomach. Additionally, a
low glycemic response of brown rice may be related to slow digestion of starch that could
trigger the ileal brake, a feedback mechanism that controls gastric emptying rate. All
macronutrients, including carbohydrates, have been shown to stimulate the ileal brake (van
Avesaat et al., 2015; Siegle et al., 1990). Starchy foods that digest slow and into the ileum
could thus affect gastric emptying through this mechanism.

50
Digestion rate of starch is related to a number of factors mostly related to access
of digestive enzymes to substrate. It is, for instance, well known that the amylose
component of starch retrogrades after gelatinization to form resistant starch (RS) as well
as slowly digestible starch (SDS) (Haralampu et al., 2000). Starchy foods with relatively
high amylose contain greater amounts of slowly digestible and resistant starch (Kerberg et
al., 1998; Zhu et al., 2012), and this is associated with moderated glycemic response and
increased satiety (Sparti et al., 2000). To enhance this effect, temperature-cycling has been
used to increase SDS and RS fractions by promoting retrogradation (Goodfellow et al.,
1990; Zhou et al., 2010), by augmenting starch crystallite formation through nucleation,
propagation, and maturation steps combined with extended storage.23 Retrogradation of
amylopectin is associated with the formation of SDS, while retrogradation of amylose is a
more rapid and is associated with RS (Zhang et al., 2008).
In the present study, it was hypothesized that brown rice has a slower gastric
emptying rate than white rice, and that high-amylose rice containing more SDS and RS
would further delay gastric emptying rate. We investigated in human subjects two rice
varieties in whole grain brown and milled white forms on gastric emptying, and further
examined rice types of different amylose contents with varying amounts of SDS and RS to
potentially effect gastric emptying rate.

3.3
3.3.1

Materials and Methods

Materials
Two rice varieties, whole grain brown and polished white types, classified as low-

(Jazzman) or high-amylose (Cocodrie) were a gift from Mars, Inc. Nutritional information
on these cultivars can be found in Table 3.1.

3.3.2

Participants
Ten healthy men and women [body mass index (BMI; in kg/m2) of 22.25 ± 2.15]

with an average age of 30 were recruited using flyers placed around the Purdue University
campus. All subjects were free of diabetes and any gastrointestinal diseases, through selfreporting. Informed consent was gathered from all participants.
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This research was approved by Purdue University’s Institutional Review Board
Committee. The trial is registered at Clinicaltrials.gov, identifier NCT03035981.

3.3.3

Design
A randomized, crossover design was used with 7 treatments (six rice and one

fructooligosaccharide breath hydrogen control) tested in acute feeds with a 1-week washout
period in-between. The treatment order was randomly assigned to the participants. Rice
test meals were prepared on the morning of each test day, and 13C-octanoic acid (100 mg)
was added to each test meal.
Subjects arrived to the testing room at 8:00 a.m. on each test day after a 10 h fast.
After collecting two baseline breath samples (1.5 L bags, Cambridge Isotope Laboratories,
Tewksbury, MA, USA), subjects consumed the rice test meal (50 g available carbohydrate)
for that day in 10 min, and breath samples were collected into 300 ml bags (Cambridge
Isotope Laboratories, Tewksbury, MA, USA) every 15 min for 4 h. Additional breath
samples were collected into bags (300 ml) at the same time points for breath hydrogen
testing. Subjects were provided 100 ml of water with the rice, and were asked to consume
all water and rice (200-240 g) given to them. No food or drink was allowed during the
remainder of the test session.

3.3.4

Test Meals
The six rice treatments were chosen based on differences in starch digestibilities as

tested in vitro. They were as follows: Jazzman low-amylose white rice (low-AM white),
Cocodrie high-AM white rice (high-AM white), Jazzman low-AM brown rice (low-AM
brown), Cocodrie high-AM brown rice (high-AM brown), and two temperature-cycled
variations of Cocodrie high-AM white rice (high-AM white C1, high-AM white C2).
Cocodrie is classified as a high-amylose rice, though our value for amylose was somewhat
lower than has been reported (Patindol et al., 2010). An additional test day included a
solution containing fermentable fructooligosaccharide (7 g/150 ml water, Beneo, Orafti,
Morris Plains, NJ, USA) to provide a reference for positive breath hydrogen production.
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Rice test portions were prepared individually using a conventional rice cooker (SunbeamOster Company, Boca Raton, FL, USA). Rice grains were placed in 400 ml beakers, and
washed three times with water. A 2:1 water to rice ratio was used to cook the rice in the
beakers with a cooking time of ~24 min for white rice and ~48 min for brown rice (Patindol
et al., 2010).

3.3.5

Gastric Emptying and Breath Hydrogen Tests
Breath samples were analyzed the same day using a 13CO2 breath analyzer (POCone,

Otsuka Electronics Co., Ltd., Osaka, Japan). A BreathTracker Digital Microlyzer®
(Quintron Instrument Company, Milwaukee, WI, USA) was used for breath hydrogen
analysis.

3.3.5.1 Calculation of Gastric Emptying Rate Parameters
Half-emptying time and lag phase are parameters used to describe the gastric
emptying rate of a food (Sanaka et al., 2007; Sanaka and Nakada, 2010). The 13CO2/12CO2
ratio of a gas collected after a test meal to the baseline breath value [ 13CO2 delta over
baseline (DOB, ‰)] were used to calculate the percent dose [13C] recovery per hour (PDR)
and cumulative percentage dose recovery over time (CPDR) (Sanaka and Nakada, 2010).
Each individual’s body surface area was used in the calculation (Haycock et al., 1978).
Gastric emptying profiles were modeled using a macro program in Excel (Microsoft
Corporation, Redmond, WA, USA). Half-emptying time, the time necessary for half of the
13

C dose to be metabolized; and lag phase, the time required for the 13CO2 excretion rate to

attend its maximal level or time it takes for a food to break down within the stomach (Perri
et al., 2005) were calculated.
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3.3.6

In Vitro Testing

3.3.6.1 Nutritional Composition
Total starch content of rice samples was determined using the procedure described
in the Total Starch Assay Kit (Megazyme, Bray, Ireland) and total dietary fiber was
quantified using the Total Dietary Fiber Kit (Megazyme, Bray, Ireland) based on AOAC
Method 985.29. Protein content was quantified by the Dumas method (N x 6.25) using a
LECO TruMac nitrogen analyzer (LECO Corporation, St. Joseph, MI, USA), and fat
content was determined at an external laboratory (A&L Great Lakes, Fort Wayne, IN,
USA).

3.3.6.2 Amylose Content
Amylose content of rice flours was determined using the Amylose/Amylopectin
Assay Kit (Megazyme, Bray, Ireland).

3.3.6.3 Temperature-Cycling Treatment of White Rice
White rice of the high-amylose Cocodrie variety were cooked as described above,
and stored immediately in tightly sealed containers and temperature-cycled as described in
Table 3.2.

3.3.6.4 In vitro Starch Digestibility of Cooked Rice
Rapidly digestible starch (RDS), slowly digestible starch (SDS), and resistant
starch (RS) were measured according to the Englyst method (Englyst et al., 1992; Englyst
et al., 1999). The enzyme mixture was prepared with pancreatin from porcine pancreas
(Sigma-Aldrich, St. Louis, MO, USA) and amyloglucosidase from Aspergillus niger
(Sigma-Aldrich, St. Louis, MO, USA).
Rice was prepared as above using 5 g portions. Immediately upon completion of
the cooking cycle, 2 g cooked rice was mixed with water (17.5 ml) in tubes using a high
shear mixer (Kinematica, Bohemia, NY, USA) for 30 s (Reed et al., 2013). A solution
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containing pepsin, HCl, and guar gum (pH=2) was added to the tubes, to simulate gastric
conditions and to standardize the viscosity of the treatments, and tubes were incubated in
a 37°C water bath for 30 min. Tubes were shaken at 160 rpm with glass marbles and 0.1
M sodium acetate for 2 min, the enzyme mixture (5 ml) was added, and shaking continued
for a total of 120 min. Aliquots (100 µl) were removed and added to 900 µl ethanol after
20 min and 120 min to quantify RDS, SDS, and RS. Total starch content was measured
following in vitro digestion of cooked rice (Englyst et al., 1999). Glucose release was
measured using the glucose oxidase/peroxidase (GOPOD) method and a conversion factor
of 0.9 was used to calculate starch content at each timepoint (Englyst et al., 1992).
All samples were completed in duplicate on two separate days.

3.3.7

Statistical Analysis
The half-emptying times and lag phases of each treatment are presented as mean ±

standard deviation (SD) of all participants. Sample size was determined using a power
calculation for a crossover design based on previous work indicating within patient
standard deviation of 0.1 h and a minimum detectable difference in means of half-emptying
time of 0.3 h. One-way repeated measures ANOVA (two-tailed) and a post hoc Tukey’s
test for multiple comparisons of half-emptying time and lag phase across treatment groups
were performed using a randomized complete block design. Statistical significance was
considered at p<0.05 and analyses were completed using JMP Statistical Discovery
Software (JMP Version 12, SAS Institute, Cary, NC, USA).

3.4
3.4.1

Results

Amylose Content
Values for amylose and classification of rice varieties are found in Table 3.3.

3.4.2

In Vitro Starch Digestibility
For white rice samples, the low-amylose and high-amylose varieties (Jazzman, and

Cocodrie) contained the highest levels of RDS (88.3 and 84.7%), and lowest levels of SDS
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(11.3 and 12.8%) and RS (0.3 and 2.6%) (Figure 3.1). For brown rice samples, SDS
increased for the low-amylose variety to 17.5 (Jazzman), and RS increased for Cocodrie to
12.7.
The high-amylose Cocodrie was temperature-cycled with the largest effect on RS.
After the first cycle, RS increased from 2.6 to 6.9% and, after the second cycle, to 13.5%.

3.4.3

Gastric Emptying Test
Gastric half-emptying times were more delayed by the brown than white rice

treatments (Figure 3.2). This was independent of the SDS and RS amounts. Statistically
significant (p<0.05) differences were found between the brown and white rices in both the
low- and high-amylose varieties (Jazzman and Cocodrie). The longest delay in halfemptying time was observed in the Cocodrie brown rice treatment, approximately 48 min
longer than the Jazzman white rice. Cocodrie white and brown rice trended (nonsignificantly) towards longer delay in gastric emptying times compared to Jazzman. Halfemptying times for the two temperature-cycled Cocodrie white rices were not significantly
higher than the untreated Cocodrie white rice. Lag phase values showed no difference
across treatments, averaging 66 min.
White, non-temperature-cycled rice trended to the highest percent dose recovery
per hour, followed by the temperature-cycled white rice, and then the brown rice having
the lowest percent dose recovery per hour (Figure 3.3). Cumulative percent dose recovery
was in the range of 35-40%, which is similar to that reported.33 Cumulative recoveries were
similar in all experiments, indicating that there was not selective binding of octanoic acid
to particular components (i.e., bran).
No significant rise in breath hydrogen was detected following consumption of the
rice treatments indicating full digestion of the starch in the small intestine (not shown). For
the positive control, there was a large increase in breath hydrogen at about 75 min following
ingestion of the fructooligosaccharide solution.
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3.5

Discussion

Brown rice delayed gastric emptying more than white rice regardless of whether its
amylose content was low or high, or if treated with temperature-cycling. Reasons for this
could be related to the physical properties of brown rice and how these may affect digestion
downstream. Two possible explanations for the slower gastric emptying rate of the brown
rice treatments are: 1) brown rice has a physical form, namely the additional layer of bran,
that takes longer to break down or reduce in size in the stomach, and 2) the resulting
particles from the physical breakdown in the stomach are digested at a slower rate than
white rice particles, to stimulate the ileal brake to slow gastric emptying. Because the
Cocodrie brown rice had approximately the same amount of SDS+RS as the temperaturecycled white rices (Figure 1), but had significantly longer gastric half-emptying time, it
seems plausible that the physical property of the brown rice was the reason for its slower
gastric emptying rate. Likewise, the low-amylose brown rice had significantly higher
gastric half-emptying time than the high-amylose temperature-cycled rices, supporting the
first possibility.
Gastric simulation models have shown longer breakdown of brown than white rice
(Want et al., 2015; Kong et al., 2011), which supports our hypothesis that it is the different
physical property of brown rice that decreases gastric emptying rate. It might be surmised
that if the brown rice, in this study, had been consumed as a flour rather than in its whole
grain form, gastric emptying rate may have been similar to white rice.
It is also noteworthy to point out that despite the differences seen in half-emptying
times between brown and white rice, the lag phases for all of the rice treatments remained
similar to each other, regardless of the differences in amylose content and in vitro starch
digestion rates (Figure 1). Because the lag phase is considered a representation of the time
spent on the physical breakdown of a food before leaving the stomach (Perri et al., 2005),
the consistency in lag phase times could be an indication that the differences observed in
half-emptying times are due to a post-gastric effect. This would provide some support for
the second possibility above. If delayed gastric emptying of brown rice was only due to
factors causing longer breakdown in the stomach, the lag phases of the brown rice
treatments should have been significantly longer than those seen with white rices.
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Gastric emptying rate is the main regulator of food entering the small intestine to
be digested and absorbed, and is important for controlling postprandial glycemic response.
Recent studies using pharmaceutical approaches to improve glycemia in individuals with
diabetes (Linnebjerg et al., 2008) or obesity (Pi-Sunyer et al., 2015) involve treatment using
incretin analogues, such as liraglutide and exenatide. While exact mechanisms for the
physiological effects of these analogues are still being elucidated, one finding has been that
individuals receiving these treatments exhibit significantly slowed, or delayed, gastric
emptying, which resulted in greater weight loss and improved postprandial glycemic
response compared to control groups (Van Can et al., 2013). The delaying of gastric
emptying and reduced food intake was also observed when individual macronutrients were
infused into the distal small intestine to elicit the ileal brake inhibitory feedback control
system (van Avesaat et al., 2015). From a dietary perspective, identifying or developing
foods with slow gastric emptying rates could increase satiety which could be important in
addressing the obesity epidemic.

3.6

Conclusions

Brown rice displayed a slower gastric emptying rate than white rice regardless of
the variation in amylose content and in vitro starch digestion rates. Understanding the
mechanisms by which brown rice and other whole grains influence physiological
parameters, including gastric emptying, to have a beneficial impact on health will aid in
the development of whole grain processed foods.

3.7
3.7.1

Part B: Additional White and Brown Rice Varieties Used for In Vitro Analyses
Materials and Methods
In addition to the two rice varieties used in the human study, four other rice varieties

in both white and brown forms were tested for in vitro analysis: Hidalgo (low-amylose),
Rex and CL151 (intermediate-amylose), and Sabine (high-amylose). From this initial set
of six rice varieties, a low- and high-amylose variety were chosen for the human study
based on in vitro starch digestibility.
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3.7.1.1 Amylose Content and In Vitro Starch Digestibility
Hidalgo, Rex, CL151 and Sabine rice varieties were tested for amylose content and
in vitro starch digestibility as described in 3.3.6.2 and 3.3.6.4 and these were then classified
as low-, intermediate, and high-amylose rice.
Temperature-cycling conditions for increasing SDS and RS content in the highamylose white rice consisted of alternating storage temperatures between 4°C and 35°C
for 12-24 h (Table 3.4). In addition to the Cocodrie variety, white rice of the high-amylose
Sabine variety was temperature-cycled as described in 3.3.6.3, but was only tested for the
in vitro starch digestibility analysis. The temperature-cycling condition that yielded the
most SDS and RS was chosen for the human study preparations.

3.7.1.2 Thermal Properties of White and Brown Rice Varieties Varying in Amylose
Content
Gelatinization properties [onset, peak and conclusion temperatures, and enthalpy
(ΔHG)] of the rice varieties were measured using a DSC Q2000 differential scanning
calorimeter (TA Instruments, New Castle, DE) and analyzed using Universal Analysis
2000 software (TA Instruments, New Castle, DE). White and brown rice samples were
milled and weighed (10 mg) into aluminum pans (Tzero pans, TA Instruments, New Castle,
DE). Water (20 μL) was added, pans were hermetically sealed, and allowed to equilibrate
at room temperature overnight. Samples were heated at a rate of 10°C/minute from 20°C
to 120°C, and weighed at the end of each run.
Retrogradation enthalpies (ΔHR)were measured on the temperature-cycled highamylose white rice varieties. Cocodrie and Sabine were cooked and prepared as described
in 3.3.6.4, freeze-dried, and loaded into aluminum pans following the procedure above.
The degree of retrogradation (DR) was calculated as the enthalpy of retrograded
temperature-cycled rice divided by the gelatinization enthalpy of native rice, using the
following equation (Wang et al., 2016):
% DR = ΔHR/ΔHG x 100%

(1)
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3.7.1.3 Additional Human Study Measurements
3.7.1.3.1 Gastric Emptying Calculations
Gastric emptying calculations are briefly described in 3.3.5.1. The percent dose
recovery (PDR) per hour and cumulative percent dose recovery (CPDR) were calculated
from the delta over baseline (DOB) values, individual CO2 production (assumed to be 300
mmol/m2 body surface area per hour), and the amount of tracer ingested (Ghoos et al., 1993;
Haycock et al., 1978).
Body surface area was calculated using individuals’ heights and weights in the
formula developed by Haycock et al (Haycock et al., 1978). PDR and CPDR values were
modeled using the following equations:
y  at b c ct

(2)

where y = percentage dose recovery per hour, t = time in hours, a, b, and c =
constants.

y  m(1  e  kt ) 

(3)

where y = cumulative percentage dose recovery over time, t = time in hours, m, k,
and β = constants and m = total cumulative dose recovery when time is infinite.
Gastric emptying parameters, lag phase and half-emptying time, were calculated
using the following equations:
Lag phase (i.e. time required for the 13CO2 excretion rate to attend its maximal level)
(Sanaka and Nakada, 2010):
T ( Lag )  (ln  ) / k

(4)

Half emptying time (i.e. time necessary for half of the

13

C-labeled marker to be

recovered) (Sanaka and Nakada, 2010):
1


1
( )  ln(1  2 
)
k
(T1/2) =

(5)

3.7.1.3.2 Breath Hydrogen
As mentioned above in 3.4.3, breath hydrogen production was measured from all
subjects to check for resistant starch fermentation after the temperature-cycled high-
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amylose white rice treatments. As not all individuals produce hydrogen (Gilat et al., 1978;
Simrén et al., 2006), a fructooligosaccharide solution was given to all subjects during one
test session after a ten hour fast to verify their ability to produce hydrogen.

3.7.1.3.3 Hunger and Fullness Assessment
Participants were asked to rate their hunger and fullness every before and
immediately after finishing the meal, and every 30 minutes using a 10 cm visual analogue
scale (VAS).

3.7.2

Results

3.7.2.1 Amylose Content and In Vitro Starch Digestibility
Amylose content of these varieties can be found in Table 3.5. In vitro starch
digestibility of these four varieties can be found in Table 3.6. Jazzman had been chosen for
having the highest RDS fraction and lowest SDS and RS fractions compared to Hidalgo,
and Cocodrie was chosen as the high-amylose variety for having lower RDS and higher
SDS and RS fractions.
In vitro starch digestibility results for temperature-cycled Cocodrie and Sabine can
be found in Table 3.7. Although Sabine showed slightly higher levels of SDS after
temperature-cycling conditions, Cocodrie was chosen for the human study due to its larger
similarity in texture to Jazzman, low-amylose rice that contained the highest levels of RDS
and lowest levels of SDS and RS.
3.7.2.2 Thermal Properties of White and Brown Rice Varieties
Gelatinization enthalpy and onset, peak, and conclusion temperatures can be found
in Table 3.8. Increased gelatinization enthalpies have been related to increasing amylose
content (Biliaderis et al., 1986), as well as certain starch structural characteristics (Russell
et al., 1987). In another study, rice with high amylose content (> 26%) was found to have
lower enthalpies than low amylose rice varieties ( < 15%), and this was attributed to low
short range order architecture (Huynh et al., 2016). With these rice varieties, there were no
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relationships observed between amylose content and gelatinization parameters. It is
possible that the gelatinization enthalpies and temperatures were more related to structural
properties of the starch present in each rice variety.
Retrogradation enthalpies of the temperature-cycled Cocodrie and Sabine varieties
and the degrees of retrogradation are shown in Table 3.9. For Cocodrie, Cycles 1 and 2 had
the highest degrees of retrogradation, which is in agreement with the in vitro starch
digestibility results, followed by Cycles 5, 4 and 3, respectively. Cycles 1 and 2 were then
used in the human study. Temperature-cycled Sabine had consistently higher
retrogradation enthalpies and greater degrees of retrogradation compared to the Cocodrie
variety, which also agrees with in vitro starch digestibility results and may be due to its
higher amylose content compared to Cocodrie.

3.7.2.3 Additional Human Study Results
Cumulative percent dose recoveries of

13

CO2 represent the amount of

13

C that is

recovered in the breath following each labeled meal. The cumulative dose percent recovery
levels of 13CO2 for each rice test meal for all subjects on average were similar to each other
at 30-35%. These results are shown in Figure 3.4.
In this study, all subjects produced hydrogen with the fructooligosaccharide
solution control. While baseline or starting breath hydrogen levels varied for subjects, no
abnormal or significant rises (changes more than 20 ppm) (Metz et al., 1976a) were
observed after eating each meal over the entire test session. Results can be found in Table
3.5. Breath hydrogen levels throughout the test session that were adjusted for individuals’
baseline H2 levels can be found in Table 3.6.
Overall means of subjective hunger and fullness ratings are shown in Figures 3.7
and 3.8. General trends seen were that the brown rice treatments had the greatest decreases
in hunger ratings after eating and highest fullness ratings after eating. The temperaturecycled high-amylose Cocodrie (C1) treatment trended towards decreased hunger and
increased fullness ratings similar to the brown rice varieties, but there were not any
significant differences observed in hunger and fullness ratings for any of the six rice
treatments.
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3.7.3

Discussion
Rice is one of the most commonly consumed grains in the world, especially as white

rice (Muthayya et al., 2014). Since the dietary fiber content of brown rice is fairly low in
comparison to other whole grains (Champagne, 2004), it may be possible to better assess
the impact of starch within a whole grain food by using rice. Properties of starch, such as
differences in amylose content and in vitro digestibility, were studied here using white and
brown rice, and certain varieties were further chosen to assess potential effects on stomach
emptying, breath hydrogen production, and satiety.
The amylose content of rice did have a positive relationship with the levels of SDS
and RS measured using the in vitro starch digestion assay, with SDS and RS increasing as
the amylose content increased among the varieties. It should be noted that there was not a
large difference in RDS, SDS and RS fractions between the intermediate- and highamylose varieties, which may be explained by the subtle differences in amylose content.
In this study, the amylose content did not appear to have a significant impact on the
slowing of starch digestion or stomach emptying, perhaps due to its lower levels of amylose
compared to other “high-amylose” grains (i.e. maize). While high amylose varieties of rice
or other grains may be a potential approach to developing food products with slower starch
digestion or slower gastric emptying, there may be a certain level of amylose that is
necessary in order to see an effect.
Physical modification of the starch in high-amylose white rice was done through
temperature-cycling during storage to increase SDS and RS. In vitro starch digestibility
and DSC did show that the SDS and RS content of high-amylose Cocodrie and Sabine
white rice were increased by temperature-cycling and facilitating starch retrogradation.
However, it was not clear whether there was a sufficient amount of SDS and RS generated
to digest in such a way that would slow gastric emptying rates. The actual amount of slowly
digestible starch or resistant starch needed to elicit a slow gastric emptying, in addition to
where starch should be digested to achieve this effect, is not well defined. In this study,
while in vitro SDS and RS fractions of the high-amylose white rice varieties were increased
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compared to the non-temperature-cycled rice, even higher levels of SDS and RS than what
was observed may be necessary to see a significant effect.
Large increases in SDS and RS have been observed in previous literature using
manipulation of storage conditions; however, in this study the temperature-cycling
conditions and length of time that the rice were stored had to be limited since they were
being prepared for human consumption. Previous literature have shown increases in SDS
and RS by over 40% for maize flours stored under temperature-cycling conditions of 4°C
and 4°C/30°C, but this was after storage for up to 16 days (Park et al., 2009), which would
not have been feasible for storing the cooked rice that would be later fed to human subjects.
In this study, there was high variability within the appetitive ratings and no
differences or relationships were observed among the white and brown rice treatments.
While low- and high-amylose brown rice slowed gastric emptying significantly more than
white rice, this effect did not translate out to a significant reduction in hunger or increase
in fullness throughout the test session compared to white rice. A previous study also found
white and brown rice to be equally satiating, and only noted differences in appetite between
liquid and solid food forms (Wang et al., 2013). It is likely that the compositional
differences between white and brown rice in this study in starch and dietary fiber content
were too subtle for distinct differences in effects on hunger and fullness to be found,
especially considering the subjective nature of self-reported appetite ratings.
Starch makes up a large portion of cereal grains, including rice, and it is important
to understand how its properties collectively contribute to a glycemic carbohydrate food’s
physiological impact. The work presented in this section highlights the need to consider
and optimize the quality of individual components of a whole grain food, and further
develop the efforts being made to translate in vitro digestion findings into clinical research.
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Table 3.1 Nutritional information on rice cultivars used for test meal preparation
Jazzman,

Cocodrie,

Jazzman,

Cocodrie,

White

White

Brown

Brown

% Starch

81.3 ± 3.7

81.5 ± 3.9

73.9 ± 2.2

73.3 ± 2.7

% Total Dietary Fiber

3.33 ± 0.93

3.07 ± 0.23

5.66 ± 0.13

6.31 ± 0.00

% Protein

6.35 ± 0.11

7.072 ± 0.18

8.033 ± 0.01

7.71 ± 1.2

0.03

0.31

2.52

2.03

% Fat
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Table 3.2 Temperature-cycling conditions of high-amylose (AM) white rice.

Temperature
(°C)

High-AM White C1

High-AM White C2

Cycle 1 (h)

Cycle 2 (h)

4

12

24

35

12

24

4

24

24

35

24

24
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Table 3.3 Amylose content of low- and high- amylose rice varieties. Values are
expressed as mean ± SD.
Classification
level

Cultivar

Average %
amylose

Low-AM

Jazzman

17.8 ± 3.1

High-AM

Cocodrie

24.0 ± 0.8

72
Table 3.4 All temperature-cycling conditions for Cocodrie and Sabine high-amylose
white rice
Cycle (h)
Temperature
(°C)

C0

C1

C2

C3

C4

C5

4

-

12h

24h

12h

24h

24h

35

-

12h

24h

12h

24h

24h

4

-

24h

24h

12h

-

12h

35

-

24h

24h

12h

-

12h
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Table 3.5 Amylose content of additional low-, intermediate- and high-amylose rice
varieties. Values are expressed as mean ± SD.
Classification

Average %

level

Cultivar

amylose

Low-AM

Hidalgo

17.6 ± 0.3

Intermediate-AM

CL151

24.3 ± 1.5

Intermediate-AM

Rex

24.1 ± 2.8

High-AM

Sabine

29.7 ± 1.6
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Table 3.6 In vitro starch digestibility fractions of additional rice varieties (Hidalgo, lowamylose; Rex and CL151, intermediate-amylose; Sabine, high-amylose). Values are
expressed as mean ± SD.
Starch digestibility

White

Brown

Variety

% RDS

% SDS

% RS

Hidalgo

85.09 ± 6.9

10.17 ± 7.9

7.79 ± 1.0

Rex

73.95 ± 7.4

15.97 ± 6.6

10.07 ± 0.8

CL151

78.27 ± 3.7

13.69 ± 1.1

8.05 ± 9.4

Sabine

71.24 ± 11.3

15.51 ± 8.6

13.25 ± 2.6

Hidalgo

80.60 ± 5.5

17.60 ± 3.7

1.81 ± 1.9

Rex

80.29 ± 9.9

15.38 ± 10.9

4.33 ± 0.9

CL151

87.35 ± 2.6

5.66 ± 5.4

6.99 ± 7.2

Sabine

75.15 ± 7.2

12.06 ± 4.1

12.80 ± 6.8
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Table 3.7 In vitro starch digestibility fractions of temperature-cycled high-amylose white
rice, Cocodrie and Sabine. Cycles are noted as C1-C5.
Starch digestibility (%)

Cocodrie

Sabine

Cycle

RDS

SDS

RS

C1

78.9 ± 5.8

14.2 ± 0.8

6.9 ± 6.6

C2

74.8 ± 7.2

11.7 ± 7.6

13.5 ± 0.3

C3

88.0 ± 4.7

11.6 ± 2.6

0.4 ± 2.1

C4

80.6 ± 0.7

14.7 ± 2.7

4.7 ± 3.5

C5

85.1 ± 0.2

10.1 ± 6.5

4.8 ± 6.6

C1

77.2 ± 4.1

17.5 ± 4.6

5.3 ± 0.5

C2

64.9 ± 13.5

23.2 ± 6.2

11.8 ± 7.3

C3

85.1 ± 7.3

10.1 ± 3.6

4.8 ± 3.7

C4

72.3 ± 4.1

19.5 ± 5.6

8.2 ± 1.6

C5

80.2 ± 3.4

9.3 ± 6.3

10.6 ± 2.9
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Table 3.8 Gelatinization properties and temperatures (To: onset, Tp: peak, Tc: conclusion)
of low-, intermediate- and high-amylose white and brown rice varieties.
DSC: Gelatinization
Amylose

To

Tp

Tc

Enthalpy

Variety

classification

(°C)

(°C)

(°C)

(J/g)

Jazzman

Low

65.35 73.22

81.01

6.90

Hidalgo

Low

76.20 80.44

88.40

8.96

White

Rex

Intermediate

74.35 78.82

85.21

5.80

rice

CL151

Intermediate

73.86 78.64

86.54

7.32

Cocodrie

High

73.20 78.17

85.52

6.48

Sabine

High

73.51 77.84

86.05

7.65

Jazzman

Low

67.47 74.62

81.57

5.79

Hidalgo

Low

77.36 80.90

87.52

8.69

Brown

Rex

Intermediate

75.38 80.47

89.33

8.09

rice

CL151

Intermediate

75.10 80.42

89.59

7.52

Cocodrie

High

74.24 79.48

86.05

6.58

Sabine

High

74.39 78.69

86.09

6.72
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Table 3.9 Retrogradation enthalpies of temperature-cycled high-amylose white rice
varieties and degree of retrogradation

Cocodrie

Sabine

Retrogradation

Degree of

ΔH

retrogradation

Cycle

(J/g)

(%)

C1

4.24

65.45

C2

4.11

63.49

C3

0.34

5.32

C4

2.49

38.47

C5

3.22

49.73

C1

5.62

73.52

C2

3.39

44.26

C3

3.49

45.59

C4

3.78

49.36

C5

4.15

54.20
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Figure 3.1 In vitro starch digestion fractions of low- (L-AM) and high-amylose (H-AM)
white and brown rice varieties and temperature-cycled white rice. Values are expressed
as mean ± SD.
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Half-emptying time

Lag phase

3.50
3.00

*

*

Time (h)

2.50
2.00
1.50
1.00
0.50
0.00
L-AM white, L-AM brown, H-AM white, H-AM brown, H-AM white, H-AM white,
Jazzman
Jazzman
Cocodrie
Cocodrie Cocodrie, C1 Cocodrie, C2
Treatment

Figure 3.2 Half-emptying times and lag phases of the six low- (L-AM) and high-amylose
(H-AM) white and brown rice and temperature-cycled white rice treatments in human
study. Half-emptying time and lag phase values are expressed as mean ± SD (n=10) and
were compared following a randomized treatment order. *indicates significance at
p < 0.05 following ANOVA analyses and post-hoc Tukey’s test.
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Figure 3.3 Percent dose recovery curves of 13CO2 from breath of subjects following
consumption of low- (L-AM) and high-amylose (H-AM) white and brown rice and
temperature-cycled white rice treatments. Values are expressed as mean ± SD (n=10).
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Figure 3.4 Cumulative percent dose recovery curves of 13CO2 from breath of subjects
following consumption of low- (L-AM) and high-amylose (H-AM) white and brown rice
and temperature-cycled white rice treatments.
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Figure 3.5 Breath hydrogen recovery of subjects following consumption of low- (L-AM)
and high-amylose (H-AM) white and brown rice and temperature-cycled white rice
treatments. Subjects consumed a fructooligosaccharide (FOS) solution as a positive
control for breath hydrogen production.
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Figure 3.6 Breath hydrogen recovery adjusted to individual baseline H2 levels for
subjects following consumption of low- (L-AM) and high-amylose (H-AM) white and
brown rice and temperature-cycled white rice treatments.
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Figure 3.7 Subjective hunger ratings using visual analogue scales for six test meals. BM:
Before meal; PM: Post-meal, or immediately after consuming meal. Values are expressed
as means and SEM.
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Figure 3.8 Subjective fullness ratings using visual analogue scales for six test meals.
BM: Before meal; PM: Post-meal, or immediately after consuming meal. Values are
expressed as means and SEM.
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WHOLE AND REFINED GRAIN WHEAT MEALS
PREPARED FROM SAME WHEAT SOURCE AND MATCHED
FOR VISCOSITY AND PARTICLE SIZE HAVE SIMILAR
GLYCEMIC RESPONSE

4.1

Abstract

It is widely viewed that whole grains are associated with a low glycemic response
compared to refined grains. Although there is evidence supporting increased intake of
whole grains for reducing blood glucose levels, various aspects such as the sources, amount,
and physical form consumed may alter the extent of their glycemic lowering effect and are
not accounted for in the literature. In this study, porridges were made from whole or refined
grain wheat taken from the same source and milling stream, and prepared to have matching
particle sizes (in most cases), viscosities and starch content. To test the extent to which
whole grains may lower glycemic response, a range of particle sizes of wheat were used
(180 – 1700 μm). Blood glucose levels were measured in healthy participants (n=16) using
continuous glucose monitors and gastric emptying rates were measured using a

13

C-

octanoic acid breath test method. When viscosities and carbohydrate content of the meals
were matched, no differences were observed in glycemic response between whole and
refined grain porridge meals made from the same milled particle size, and, contrary to
expectation, the highest glycemic response observed was for the whole wheat flour
porridge (p < 0.05). The lowest glycemic response was found in the semolina (refined)
porridge, and second lowest for the cracked wheat (whole grain) porridge. While whole
grains and whole grain foods can provide a number of health benefits, this work highlights
the importance of considering other factors of food products made from both whole and
refined grains (e.g., physical properties such as density). Understanding these factors may
also improve the approaches used to integrate whole grain components into processed food
products to achieve slow gastric emptying rate and controlled glycemia.
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4.2

Introduction

Epidemiological studies on whole grain intake support the generally held belief that
consumption of whole grain compared to refined grain foods are associated with lower
glycemic response and decreased risk for related diseases (Newby et al., 2007; Aune et al.,
2013; Aune et al., 2016). Studies have shown that increased intake of whole grains is
associated with lower risk of type II diabetes and improved insulin sensitivity (Pereira et
al., 2002). The mechanisms behind the health benefits of whole grain consumption have
not been fully identified, although components such as dietary fiber and phenolic
compounds found within the bran of whole grains have been suggested as the drivers of
positive health outcomes (Newby et al., 2007). Further, although randomized controlled
trials examining outcomes of whole grain intake have shown improvements in healthrelated endpoints, these can be confounded with other dietary components or lifestyle
factors (Karl et al., 2017; Forsberg et al., 2014; Kyrö et al., 2011). Despite a somewhat lack
of experimental support for the use of whole grains, current dietary recommendations
across the globe promote greater consumption of whole grain-based foods, usually stating
that over half of one’s overall grain intake should come from whole grains (Dietary
Guidelines for Americans, 2015; World Health Organization, 2003).
It is important to note, however, that whole grains are not alone in their complex or
undefined relationship to human health. In general, grain-based foods can greatly vary in
compositions and properties starting from the botanical source and grain variety in which
the raw materials originate, and in how they are prepared such as the cooking methods used
for preparing the finished products (Karl et al., 2012). The food form, the food matrix and
energy density of the final product (Kristensen et al., 2009), dietary fiber type (Jenkins et
al., 1978), and overall physical properties and processing (Heaton et al., 1988) involved
add to the complexity of the value of foods, namely whole grain foods, as they relate to
health. Differences in such properties can lead to varied physiological responses.
For example, grain-based foods with starting materials of different particle sizes
elicit varying glycemic responses in humans (Edwards et al., 2015; Heaton et al., 1988;
Mandalari et al., 2016). A porridge meal prepared from wheat endosperm of coarse (2 mm)
particle size resulted in 33% lower 120-minute incremental area under the curve for blood
glucose in healthy ileostomized patients compared to a meal prepared from smooth (< 0.2
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mm) particles (Edwards et al., 2015). In another study, white rice that was consumed and
swallowed in its whole kernel form (> 2 mm), and not broken down into smaller pieces
(500-1000 μm) during chewing, had a significantly lower glycemic response than rice
swallowed as smaller sized particles (Ranawana et al., 2011). In addition to the overall
particle size, the particle size of bran has been investigated in relation to digestion and in
appetite, with one study finding that meals consumed with coarse bran empty more slowly
from the stomach (Vincent et al., 1995).
Therefore, this current study asked the question whether glycemic response of
whole grain meals, in comparison to refined grains, is lower when properties of the foods
are controlled, and further tried to understand the role of particle size in whole grain and
refined meals, and how these parameters relate to gastric emptying and appetite. The
physical attributes studied were the overall particle size of wheat fractions and wheat bran
particle size, while controlling other factors that are related to glycemic response and
gastric emptying, such as viscosity and starch content. An additional factor investigated
was whether the glycemic-lowering effects of whole grains are reduced in meals in which
whole grain components are reconstituted. To test this, whole wheat that was directly
ground from the original grain into flour was compared with two reconstituted whole wheat
flour blends prepared from refined wheat flour and added wheat bran. All samples tested
came from the same wheat source and same milling stream.
It was hypothesized that whole grain meals would elicit a lower glycemic response
compared to the refined grain meals; however, that the glycemic-lowering effect of whole
grains would positively correlate to particle size. Wheat meals prepared from larger particle
size milled fractions, and particularly whole grain, would have a lower glycemic response
as a result of requiring more time to be reduced in size before exiting the stomach, to be
reflected in a slower gastric emptying rate compared to meals prepared with a smaller
particle size. It was further hypothesized that the amount of food being emptied from the
stomach and blood glucose levels would be positively associated with each other, in that
meals with a slow or more delayed gastric emptying rate would elicit a low glycemic
response, and perhaps a higher level of satiety.
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4.3
4.3.1

Materials and Methods

Materials

4.3.1.1 Wheat Source
All samples were of a hard red spring wheat variety supplied by Mennel Milling
Company (Fosteria, OH, USA). Cracked wheat, semolina middlings, whole wheat flour,
refined wheat flour and wheat bran (finely and coarsely milled) were used to generate
appropriate particle sizes for the study. Two reconstituted wheat flour blends were prepared
by combining refined wheat flour and wheat bran. All wheat samples originated from the
same lot and were collected from the same milling stream (Figure 4.1).

4.3.1.2 Particle Sizes of Wheat
The particle size distribution of each wheat fraction was determined using a sieve
shaker (W.S. Tyler, Mentor, OH) according to the ANSI/ASAE S319.4 method. Wheat
fractions (50 g) were separated through a series of sieves (U.S. Sieve No. 8, 12, 18 ,20, 35,
40, 80, 100, 120 and 200) and shaken for up to 10 minutes until the mass on the smallest
sieve remained constant. Wheat masses on each sieve were recorded.
Particle sizes of whole wheat and refined wheat flour were also measured using
laser diffraction (Malvern Mastersizer 2000, Malvern, UK) to compare with the particle
sizes measured using the sieve shaking method.

4.3.2

Methods

4.3.2.1 Compositional Analyses
4.3.2.1.1 Wheat Nutritional Composition
Total starch content of the wheat milled fractions were measured using the
Megazyme Total Starch Assay Kit (Megazyme, Bray, Ireland). First, wheat samples were
milled with a cyclone mill using a 0.5 mm mesh screen (FOSS North America, Eden Prairie,
MN, USA). Briefly, milled wheat samples (100 mg) were dispersed in ethanol and
dissolved in a 2 M KOH solution. Samples were then digested with thermostable α-amylase
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(0.1 mL) and amyloglucosidase (0.1 mL) at 50°C for 30 minutes. Glucose was measured
using the glucose oxidase/peroxidase (GOPOD) method, and starch content was
determined using a conversion factor of 0.9. Protein and fat contents were analyzed by an
external laboratory (A&L Great Lakes Laboratories, Fort Wayne, IN, USA).
To match dietary fiber contents between whole wheat flour and the reconstituted
wheat blends (which contained finely and coarsely milled wheat bran), total dietary fiber
contents of the whole wheat flour and of wheat bran were measured using the Megazyme
Total Dietary Fiber Kit (Megazyme, Bray, Ireland). The method used was based on AACC
Method 32-05.01 and AOAC Method 985.29. Wheat bran and whole wheat flour (5 g each)
were first defatted by suspending in hexane (1:10 w/v) and stirred for 2 hours. Hexane was
removed by filtration and samples were allowed to air dry overnight.
Samples (1 g) were weighed in duplicate into 400 mL beakers. Phosphate buffer
(50 mL, pH 6.0) was added, followed by thermo-stable α-amylase (50 μL) to remove any
excess starch. Beakers were placed in a boiling water bath for 30 minutes and shaken
intermittently. Beakers were cooled to room temperature, and 0.275 N NaOH solution (10
mL) was added to adjust pH to 7.5. Protease solution (100 μL) was added to remove excess
protein from samples. Beakers were covered with foil and incubated at 60°C with
continuous shaking for 30 minutes. After cooling, 0.325 N HCl solution (10 mL) was added
to adjust pH to 4.5. Amyloglucosidase (200 μL) was added and beakers were incubated
again at 60°C with continuous shaking for 30 minutes.
Ethanol (95%, 280 mL) was added to each beaker to precipitate soluble dietary
fiber for 1 hour. Crucibles containing Celite were attached to the Fibertec filtration system,
vacuum was applied to draw Celite onto the crucibles. Crucibles were then wetted with
aqueous ethanol (78%) before precipitates from beakers were filtered. Fiber residues
collected were washed with three 20 mL portions of 78% ethanol, two 10 mL portions of
95% ethanol, and two 10 mL portions of acetone. After filtration, crucibles containing
residues were dried overnight in a forced air oven (105°C). Crucibles were cooled in a
desiccator and weighed for total dietary fiber content. One residue from each set of
duplicates was analyzed for residual protein by the Dumas method using 6.25 as a
conversion factor. The other residue was analyzed for ash content using a muffle furnace
(5 h, 525°C). Total dietary fiber contents were adjusted for protein and ash content.
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4.3.2.1.2 Monosaccharide Composition of Fine and Coarse Wheat Brans
During milling, bran is collected from various break rolls and through a process of
sifting and purifying, and is sieved using various screen sizes. Because it is possible that
the bran collected from the milling process originated from different parts of the wheat
kernel, the monosaccharide composition, an indicator of the fiber chemical structure, of the
fine and coarse wheat brans were determined.
First, wheat brans (5 g) were suspended in water (1:10 w/v). Under constant stirring,
the mixture was heated to 90°C and mixed for 20 minutes to gelatinize any starch that may
be present. Thermostable α-amylase (0.2 ml/g of wheat bran) was added to digest residual
starch, and mixed for 20 minutes. The mixture was cooled to 60°C, and amyloglucosidase
(Sigma-Aldrich A7095, 0.1 ml/g wheat bran) was added and mixed for 4 hours at 60°C to
completely digest starch.
pH was adjusted to 6.0 using 6 M HCl, and protease (Sigma-Aldrich P1236, 0.1
ml/g wheat bran) was added to remove any protein. The mixture was stirred overnight at
60°C. To inactivate the enzymes, the mixture was boiled for 20 minutes. Mixtures were
then dialyzed (3.5 kDa cutoff) for 36 hours to remove enzymes and digested materials.
Following dialysis, samples were freeze-dried. The monosaccharide composition of freezedried wheat bran samples (2 mg, in triplicate) was measured using the alditol acetate
method with hydrolysis by trifluoroacetic acid (TFA), as described by Pettolino et al
(Pettolino et al., 2012). Rhamnose, arabinose, xylose, mannose galactose and glucose were
used as sugar standards.

4.3.2.2 Test Meal Preparation
It was important to choose a food form that would allow for a variety of particle
sizes to be used and maintained throughout the preparation process, as well as one that
would minimize variability inherent in the chewing process. A porridge, with consistency
similar to a breakfast “cream-of-wheat” porridge, was chosen as the meal form for this
study.
Wheat porridges were prepared with wheat fractions containing 50 grams of starch
and 400 mL water. A cold slurry was prepared with the appropriate wheat flour and 200
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mL of the water. The remaining water (200 ml) was heated to 80°C and the slurry was
added with stirring, and the mixture was cooked for 5 minutes. Porridges were allowed to
sit for 15 minutes before serving to the study participants. Immediately before serving, 100
mg of [13C] labeled-octanoic acid was mixed into each individual’s test meal. Test meal
compositions are found in Table 4.1.

4.3.2.2.1 Viscosity of Test Meals
The viscosities of the test meal porridges were measured using a Brookfield DV-E
viscometer (Brookfield, Middleborough, MA, USA) in duplicate at 0, 5, 10 and 15 minutes
in a 250 ml beaker (spindle 6 at 12 RPM). To eliminate the effect of differences in viscosity
on physiological outcomes, the final viscosities of the porridges were matched by adding
a small amount of xanthan gum to porridges that had lower initial viscosities. Xanthan gum
(0.1%) was added to the cracked wheat and to the semolina, and porridges were prepared
as described above.

4.3.2.2.2 Differential Scanning Calorimetry
Differential scanning calorimetry was used to test whether the starch was
completely gelatinized in the cooked wheat test meals. Wheat porridges were prepared as
described in Section 4.3.2.2, and freeze-dried. Wheat (5 mg) and deionized water (10 μl)
were weighed into aluminum hermetic pans that were sealed and let equilibrate overnight
(Sakhara et al., 2017). Samples were heated from 20°C to 120°C at 10°C/minute, with an
empty pan used as a reference.
Thermal properties (To, Tp, Tc, and ΔH) were also measured for native cracked
wheat, semolina, whole wheat flour and refined wheat flour. Wheat samples were milled
using a cyclone mill (FOSS North America, Eden Prairie, MN, USA), weighed into pans,
and heated as described above.
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4.3.2.3 Human Study
4.3.2.3.1 Experimental Design
A crossover study design was used where participants attended six test sessions
lasting up to five hours each with a one week washout period in between treatments. The
treatment order was randomized. The participant number (n=16) was determined based on
previous work using a power calculation for a crossover design with a minimal detectable
difference of 0.5 hours, a within subject deviation of 0.4, and 80% power. Pre-test and test
day procedures are found in Figure 4.2.
This study was approved by the Purdue University Institutional Review Board
(#1611018484).

4.3.2.3.2 Eligibility Criteria
Recruitment flyers were posted around the Purdue University campus. Eligibility
criteria for participation in the study included being between ages 18-50 years, having a
normal body mass index (18 kg/m2 ≤ BMI ≤ 24.9 kg/m2), and no history of diabetes or
gastrointestinal diseases. Since test meals were prepared from wheat, participants were
required to be free of any wheat allergies, gluten intolerance and gluten sensitivity. A
prescreening questionnaire was issued via Qualtrics, an online survey system (Appendix
A, Survey A-2; Appendix B, Form B-2). Individuals that met the eligibility criteria were
met in person to be provide each with an overview of the study and the test procedures for
breath collection and blood sampling. Informed consent forms (Appendix B, Form B-3)
were signed by all participants.

4.3.2.3.3 Gastric Emptying Breath Test
Participants were instructed to refrain from heavy physical activity the day before
the test day, and to reduce consumption of foods that are naturally 13C-enriched, such as
corn or cane sugar products. Participants were required to fast for ten hours prior to each
test session, and not to consume any food or beverage on the morning of the test day prior
to coming to the testing room. At each session, participants were asked to breathe into two
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1.5 L baseline breath bags (Cambridge Isotope Laboratories, Tewksbury, MA, USA) and
then consumed the whole- or refined grain-based porridge meal (prepared as described in
Section 4.3.2.2; 50 g starch equivalent) containing [13C] labeled-octanoic acid (100 mg),
which was used to monitor gastric emptying rate. Water (100 mL) was served with the test
meal, and participants were instructed to consume the entire test meal and water served.
Breath samples were collected every 15 minutes for four hours into 300 mL bags
(Cambridge Isotope Laboratories, Tewksbury, MA, USA), and evaluated for [13C] using a
13

CO2 Urea Breath Analyzer POCone (Otsuka Electronics Co, Ltd, Osaka, Japan).

4.3.2.3.3.1.1 Gastric Emptying Calculations
Half-emptying time and lag phase are parameters used to describe the gastric
emptying rate of a food (Sanaka et al., 2007; Sanaka and Nakada, 2010). The 13CO2/12CO2
ratio of a gas collected after a test meal to the baseline breath value [ 13CO2 delta over
baseline (DOB, ‰)] were used to calculate the percent dose [13C] recovery per hour (PDR)
and cumulative percentage dose recovery over time (CPDR) (Sanaka and Nakada, 2010).
Body surface area was calculated using individuals’ height and weight in the formula
developed by Haycock et al (Haycock et al., 1978). Gastric emptying profiles were
modeled using a macro program in Excel (Microsoft Corporation, Redmond, WA, USA).
Half-emptying time and lag phase were calculated using the individual’s CO2 production
(assumed to be 300 mmol/m2 body surface area per hour), and the amount of tracer ingested
(Haycock et al., 1978; Ghoos et al., 1993).
The percent dose recovery (PDR) per hour and cumulative percent dose recovery
(CPDR) were calculated from the delta over baseline (DOB) values and were modeled
using the following equations as noted in 3.7.1.3.1:

y  at b c ct where y = percentage dose recovery per hour, t = time in hours, a, b,
and c = constants.

y  m(1  e  kt )  where y = cumulative percentage dose recovery over time, t =
time in hours, m, k, and β = constants and m = total cumulative dose recovery when time
is infinite.
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Gastric emptying parameters, lag phase and half-emptying time, were calculated
using the following equations:
Lag phase (i.e. time required for the 13CO2 excretion rate to attend its maximal level)
(Sanaka and Nakada, 2010):
T ( Lag )  (ln  ) / k

Half emptying time (i.e. time necessary for half of the

13

C-labeled marker to be

recovered) (Sanaka and Nakada, 2010):
1


1
( )  ln(1  2 
)
(T1/2) = k

4.3.2.3.4 Continuous Glucose Monitoring (CGM) for Measurement of Postprandial
Glycemic Response
A commercially available continuous glucose monitor (CGM, G4 Platinum,
Dexcom, San Diego, CA, USA) was used to monitor blood glucose levels from each
subject during the test sessions. The CGM consists of three main components: the sensor,
transmitter and wireless receiver. The day before each test session, a CGM sensor patch
was placed onto the abdomen of each subject. The sensor was attached using an applicator
composed of a flexible wire within an introducer needle (needle thickness: 26 gauge; sensor
size: 0.25 mm; sensor length: 13 mm). The sensor was inserted subcutaneously according
to the Dexcom manufacturer’s instruction regarding ideal placement sites, preparation, and
transmitter attachment to sensor. The needle is only used for inserting the sensor and is
removed with the applicator as the sensor is set in place. Finally, the transmitter is
connected to the sensor. Two hours after attaching the CGM sensor to the participants, two
finger prick measurements were taken to measure blood glucose, using a Contour glucose
meter (Bayer HealthCare LLC, Mishawaka, IN, USA), to calibrate the CGM. Participants
were instructed to keep the accompanying wireless receiver within the 6 meter operating
range of the sensor to ensure there was no loss of signal transmission. On the next test day,
one finger prick blood measurement was taken to calibrate the CGM for the day. Interstitial
glucose readings were collected every five minutes and sent to the accompanying wireless
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receiver. CGMs and receivers were recovered from subjects after each test session and
reapplied at the next session.

4.3.2.3.5 Appetite
Visual analogue scales (VAS) were issued to participants every 30 minutes
throughout the test session via Qualtrics (Appendix A, Survey A-3). Participants answered
seven questions to assess their hunger and fullness: 1.) “How strong is your desire to eat?”;
2.) “How strong is your feeling of hunger?”; 3.) “How strong is your feeling of fullness?”;
4.) “How much food could you eat right now?”; 5.) “How strong is your preoccupation
with food?”; 6.) “How strong is your feeling of thirst?”; and 7.) “The shakiness of your
hand is…”.

4.3.2.3.6 Statistical Analysis
Human study results were expressed as mean ± standard error. Data was analyzed
by repeated measures analysis of variance (ANOVA) with post-hoc Tukey tests (α=0.05)
using SigmaStat 4.0 (Systat Software, Inc., San Jose, CA, USA).

4.4
4.4.1

Results

Particle Size Distribution of Wheat Fractions
The range of particle sizes found within each wheat fraction can be found in Figure

4.3. Additional particle size distributions of the refined and whole wheat flours using laser
diffraction are in Appendix C, Figure C-1.
A range of particle sizes (<180 μm to > 2360 μm) was found within the wheat
fractions, and accordingly they were sieved and certain particle sizes (180 μm for the fine
particle size and 1700 μm for the coarse particle size) were collected to match the particle
sizes of the test meal porridges.
For the porridge treatments, three (whole wheat flour, refined wheat flour,
reconstituted flour, refined wheat flour + fine wheat bran) were matched at a fine flour
particle size of 180 μm, two (cracked wheat kernel; reconstituted flour, refined wheat flour
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+ coarse wheat bran) were matched at a mixture of fine and coarse particle sizes of 180 –
1700 µm, and one (semolina) was at an intermediate particle size of 425 μm (Table 2). For
cracked wheat and coarse wheat bran, the largest particle size found was >2360 μm.
Previous studies have found significantly lower glycemic responses with a 2 mm particle
size (Edwards et al., 2015; Mandalari et al., 2016), so initially this was a targeted size for
the coarse particles. However, because a larger proportion of the coarse bran particle size
was 1700 μm, this size was chosen for the study as the largest size used among the
treatments. A small particle size fraction of 180 μm was chosen for the whole wheat flour,
refined wheat flour, and fine wheat bran treatments.

4.4.2

Nutritional Composition of Wheat
Total starch, protein, fat and moisture content of cracked wheat, semolina, whole

wheat flour, refined wheat flour, and wheat bran are found in Table 4.3, along with the
total dietary fiber content of wheat bran and whole wheat flour. The two reconstituted
wheat blends were made to match the total dietary fiber of whole wheat flour by adjusting
the level of fine or coarse bran added to refined wheat flour. As expected, the semolina and
refined wheat flour had the highest starch content compared to the whole grain wheat
samples (cracked wheat and whole wheat flour). Although wheat bran is mostly composed
of dietary fiber, approximately 17% residual starch was measured and accounted for in the
starch content of the final test meals. Protein and fat contents of wheat fractions were
comparable across all wheat fractions.

4.4.3

Monosaccharide Composition of Wheat Brans
Monosaccharide compositional analysis showed arabinose and xylose sugars being

present in the highest amounts, indicating that the main polysaccharide in wheat bran is
arabinoxylan (Appendix C, Figure C-2). The total neutral sugars represents the sum of
rhamnose, arabinose, xylose, mannose, galactose and glucose. Two-sample t-tests did not
indicate any significant differences between fine and coarse wheat brans in levels of
arabinose, xylose, mannose, galactose or glucose. A significant difference was found in
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rhamnose between fine and coarse wheat brans, but its low presence at 0.908 and 0.561
mg/100 mg carbohydrate did not affect overall monosaccharide composition. The degree
of arabinoxylan branching, represented by the ratio of arabinose:xylose, in fine and coarse
wheat brans was also not found to be significantly different between fine and coarse wheat
brans. Therefore, the milled bran fractions were of the same composition.

4.4.4

Viscosity of Test Meals
Cracked wheat and semolina porridges had lower initial viscosities compared to the

whole wheat flour, refined wheat flour, and reconstituted wheat porridges (Figure 4.4).
Xanthan gum (0.01%) was, therefore, added to these two porridges to achieve similar
viscosities to the whole wheat, refined wheat, and reconstituted wheat flour porridges.
4.4.5

Thermal Properties of Wheat Fractions
DSC curves of the wheat test meal porridges showed that the starch was fully

gelatinized by the cooking process used (Figure 4.5). For the raw wheat fractions (Table
4.4), the whole grain samples (cracked wheat and whole wheat flour) had slightly higher
onset temperatures (61.3°C and 61.4°C, respectively) and peak temperatures (66.3°C and
66.3°C) compared to semolina and refined wheat flour (wheat samples that did not contain
bran). Enthalpies (ΔH, J/g) were lower for cracked wheat and whole wheat flour compared
to semolina and refined wheat flour, which may be due to somewhat poorer water
accessibility to the starch. Previous studies have attributed lowered enthalpies to
competition for water between starch and other components (Sakhara et al., 2017; Jang et
al., 2006), which in this case could be the bran particles.

4.4.6

Human Study

4.4.6.1 Participant Characteristics
Sixteen healthy participants were recruited for the study (7 males and 9 females)
from the Purdue University campus. Participant characteristics can be found in Table 4.5.
Average age of participants was 26.6 ± 4.0 years old and average BMI was 22.2 ± 1.9
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kg/m2. All participants had no history of diabetes or gastrointestinal diseases, and had
normal fasting blood glucose levels (70 – 100 mg/dL).

4.4.6.2 Gastric Emptying
Despite differences in particle size, there were no significant differences among the
half-emptying times or lag phases of the wheat test meals (Figure 4.6). The average percent
dose recoveries of

13

C in individuals’ breath samples and the cumulative percent dose

recoveries is in Figure 4.7 and 4.8. Since it is known that there can be large inter-individual
variability in response to meals, a spread of the half-emptying times of participants for each
treatment is shown in Figure 4.9 to determine whether certain individuals consistently had
longer or shorter half-emptying times of the test meals. While there were some individuals
that had longer or shorter gastric emptying rates compared to others, these were not
consistent over the test meals.

4.4.6.3 Postprandial Glycemic Response
Incremental area under the blood glucose curves (0 – 120 minutes) was calculated
(Figure 4.10). The average changes in blood glucose levels from individuals’ baseline level
over the 4 hour test session are shown in Figure 4.11. Semolina porridge had the lowest
glycemic response peak (p < 0.05) among the test meals, followed by the cracked wheat
porridge. There were no differences observed in glycemic response among the whole wheat,
refined wheat, or reconstituted wheat flour porridges.
For the reconstituted wheat flour porridges, the porridge prepared with coarse
wheat bran had a slightly lower glycemic peak compared to the porridge prepared with fine
wheat bran, but these were not significantly different from each other.

4.4.6.4 Appetite
Participant ratings or scores to the seven appetite questionnaire questions are found
in Figure 4.12. These were adjusted for the initial scores (participant ratings for “Before
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eating the test meal”), and subsequent timepoint values are shown as the difference in
scoring from the initial score for each question.
Participants reported similar feelings of hunger immediately after consuming the
test meals. At 4 hours, the cracked wheat, reconstituted wheat flour with coarse bran, and
refined wheat flour porridges had the lowest feelings of hunger, although this was not
significant. Participants also reported low desire to eat at the end of the test session for
cracked wheat, reconstituted wheat flour with coarse bran, and refined wheat flour
porridges. The highest feeling of fullness was reported after the refined wheat flour
porridge and lowest feeling of fullness for the cracked wheat porridge, although at the end
of the test session, these porridges had similar score and were rated the highest for fullness
compared to the other test meals. Participant responses to other questions did not differ
significantly from each other for each test meal. These results did not indicate a relationship
between particle size and appetite.

4.5

Conclusions and Discussion

There were several aspects being compared among treatments in this study, such as
particle size and the presence of bran. Porridges of semolina and refined wheat flour
contained no bran and differed in particle size. Observed lower glycemic response of the
semolina porridge was, therefore, solely attributed to its larger particle size. Cracked wheat
and whole wheat flour also differed in particle size and contained bran, and reduced
glycemic response of cracked wheat was also due to its larger particles. Cracked wheat and
semolina differed in both particle size and the presence of bran with the former containing
larger particles and bran. Still, semolina had a lower glycemic response indicating that
particle size, not its whole grain property, was responsible. Whole wheat and refined wheat
flours, both at the same fine particle sizes, differed by presence or absence of bran. Here
too, it was unexpected that the refined wheat flour produced a lower glycemic response
compared to the whole wheat flour. Thus, dietary fiber from the bran of the whole grain
did not moderate the food’s glycemic impact.
The two reconstituted whole grain meals differed in the particle size of the bran,
whereas all other factors remained consistent. The reconstituted whole grain porridge with
coarse bran showed a slightly lower peak in glycemic response compared to the porridge
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prepared with fine bran, although this was not statistically significant. The reconstituted
whole grain porridges both differed from the whole wheat flour porridge in that the whole
wheat flour was directly milled from the kernel, and the reconstituted porridges were
prepared by recombining the grain components (refined wheat flour and bran).
Reconstitution of refined flour and bran streams was done, because in the current Food and
Drug Administration (FDA) regulations this is allowed to be considered as “whole grain”
(US Food and Drug Administration, 2006), and because it is sometimes thought that
reconstituted whole grain flours have lost a valuable attribute such as the low glycemic
property. In this study, there were no differences observed between porridges made from
whole wheat flour and reconstituted whole grain blends. A strong feature of comparison
was that the wheat components originated from the same wheat source.
The reported study was well designed to compare the purported benefits of whole
to refined grain foods. Incorporated in its design were various ways of matching aspects of
whole grain foods that could be considered as confounding factors to other study’s
outcomes of glycemic response, gastric emptying rate, and satiety. These included matched
treatments for viscosity, different particle sizes, and fiber content. Importantly, only one
source of whole wheat grain was used (one wheat lot) that was subjected to the same
milling process where various fractions were recovered and further fractionated. The
source from which grains originate is important, because differences in nutrient
composition, structure and digestibility have been noted among varieties of the same grain
(Panlasigui et al., 1991; Wickramasinghe et al., 2005). In reconstituted whole grain blends,
whole grain components may not always originate from the same grain lot or variety, and
thus properties coming from the bran and the flour components being incorporated into the
finished product could affect physiological outcomes.
Matching viscosity in this study was critical, since this property has a large effect
on the gastric emptying rate of foods. It is known that meals with high viscosity have
delayed gastric emptying compared to low viscosity meals, when nutrient content is the
same (Marciani et al., 2001). Therefore, in order to ensure that the gastric emptying rates
and glycemic responses were a result of the particle size we were testing, the viscosities
were made to match each other. Test meals were prepared on the same starch basis to
ensure that the same amount of digestible or available carbohydrate was consumed by each
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individual. Reconstituted whole grain meals were prepared to have the same dietary fiber
content as the whole wheat flour. Increased intake of dietary fiber has been associated with
improved glycemia (Montonen et al., 2003), so in order to isolate the effect of bran particle
size in the reconstituted whole grain meals, dietary fiber content was kept constant.
It was unexpected that semolina (refined middlings from the wheat milling process)
showed the lowest glycemic response across the treatments, and brings to light the
importance of physical form rather than whole grain property on delivery of glucose to the
body. Still, overall differences in glycemic response among treatments was not great.
Following the cracked wheat and semolina porridges, the refined wheat flour porridge had
the next lowest glycemic response. This was surprising since this porridge was expected to
produce the highest glycemic response. This means that the starch component was digested,
and glucose was released and absorbed, at the same rate whether bran was present or not.
The dietary fiber component of whole grains is often given as the explanation as to why
whole grain foods are slow digesting (Newby et al., 2007), and have lower glycemic
response (Jenkins and Jenkins, 1985). Yet, this is usually attributed to the viscous property
of fibers. Wheat, however, has little to no viscous fibers present in its bran layer, and this
is actually a common feature among cereals. Only oats with its high content of beta-glucans,
and the high beta-glucan barleys, have a substantial amount of viscous fibers that could
conceivably slow starch digestion and moderate glycemic response profiles (Cavallero et
al., 2002). When the viscous effect of beta-glucans was removed in oats, no differences in
glycemic response were observed (Panahi et al., 2007), suggesting that the low glycemic
property seen with beta-glucan grains is dependent on the extent to which they impart
viscosity.
Another possible, though perhaps unlikely, explanation for lower glycemic
response of the refined flour porridge, compared to the whole wheat flour and reconstituted
flour porridges, could be related to an insulinemic response. While insulin was not
measured in this study, it is possible that the body was able to sense the larger load of
glucose coming from the refined wheat porridge, and began to produce higher amounts of
insulin to clear more rapidly the glucose being released from the digestion of the porridge
(Eelderink et al., 2012; Mackie et al., 2017).
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In studies finding that substituting whole grain for refined grain products in both
overweight and normal weight individuals lowers glycemic response (Pereira et al., 2002;
Karl et al., 2017), participants are usually provided with commercially available products,
and the macronutrient composition of the whole and refined grain diets are designed to
match. However, there are inherent properties of glycemic carbohydrate foods (Goddard
et al., 1984) and differences in food structure (Kristensen et al., 2009; Björck et al., 1994)
that can influence digestion. The sources of other dietary components, such as protein and
fat, that are difficult to match in whole grain substitution studies, can also confound the
effects of whole grains on postprandial glycemic response (Meng et al., 2017).
Since no differences in glycemic response were observed among whole wheat flour,
refined wheat flour, and the reconstituted wheat flour porridges, this suggests that glycemic
response was more dependent on particle size in this study than to a property that is inherent
to whole or refined grains. Previous studies have also demonstrated an inverse relationship
between particle size and glycemic response (Heaton et al., 1988; Holt and Miller, 1984),
although the meal form in these studies was not always comparable and included dietary
components other than the grain.
Despite the differences in particle sizes used in this study and the hypothesis that
larger particle sizes would slow gastric emptying rate, there were not any differences
observed in gastric emptying rates among the wheat test meals. This suggests that in this
study, the differences in glycemic responses observed were not a result of larger particles
requiring more time in the stomach to be reduced in size. All of the porridge treatments
emptied from the stomach at similar rates. The lack of difference in the lag phases, or what
represents the amount of time the meal spent within the stomach, among test meals also
supports this. Studies have shown that food particles must be less then 1-2 mm in size
before they are allowed to exit the pylorus (Meyer et al., 1980; Marciani et al., 2001).
However, it is possible that the mixing and grinding that occurs within the stomach reduced
all of the test meals in such a way that the emptying rate was equalized. It has been observed
in a previous study investigating the gastric forces involved in food breakdown that
particles below a certain hardness all emptied at similar rates from the stomach despite
differences in viscosity (Marciani et al., 2001), and perhaps the test meals in this study
behaved similarly.
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While the present study did not observe low glycemic response for whole grain
meals, it does not infer that there are no potential positive health benefits of whole grains
that do not contain viscous fibers. For example, it has been shown that certain phenolic
compounds in whole grain oat products can moderate glucose absorption and may affect
glycemic response (Li et al., 2017). This study demonstrated that when variables such as
the source of grain, viscosity, particle size, and fiber content are controlled in a model food
form, similar postprandial glycemic responses result between whole and refined grains.
The study, unlike others in the literature, was controlled using grain originating from the
same source and using the same milling process, as well as treatments were prepared to
have similar nutritional composition and final viscosities. Here, we showed that the particle
size of a food has a greater effect on glycemia than its whole or refined grain type, and
highlights the importance of considering physical properties of whole and refined grain
foods when investigating their physiological impact.
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Table 4.1 Wheat porridge test meal composition

Cracked wheat

Wheat
(g, wb)
102.25

Added
wheat bran,
g
0

0.1 %
Xanthan
Gum, g
0.1022

Water,
mL
400

Water:wheat
ratio
3.912

Semolina

73.10

0

0.0731

400

5.472

Whole wheat flour

93.81

0

0

400

4.264

Refined wheat flour

78.86

0

0

400

5.072

Reconstituted wheat
flour with fine bran

72.84

25.852

0

400

4.053

Reconstituted wheat
flour with coarse bran

72.843

25.852

0

400

4.053

Porridge
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Table 4.2 Wheat fraction particle sizes used to prepare porridges for human study
Wheat fractions

Particle size

Cracked wheat kernel (CW)

180 – 1700 µm

Semolina (SEM)

425 µm

Whole wheat flour (WWF)

180 µm

Refined wheat flour (RWF)

180 µm

Reconstituted flour, refined wheat flour + coarse wheat bran
(RC)

1700 µm (bran) and 180 µm
(flour)

Reconstituted flour, refined wheat flour + fine wheat bran
(RF)

180 µm (bran and flour)
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Table 4.3 Nutritional composition of wheat samples

Sample
Cracked wheat
Wheat semolina
Whole wheat flour
Refined wheat flour
Wheat bran

Total
starch
(%, db)
56.3
76.5
59.6
72.2
17.1

Total
dietary fiber
(%)
11.4
42.3

Protein
(%)
16.56
12.44
15.50
14.69
19.00

Fat
(%)
1.67
0.80
1.85
1.02
7.21

Moisture
(%)
13.23
10.53
10.63
12.13
11.94
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Table 4.4 Gelatinization properties and temperatures (To: onset, Tp: peak, Tc:
conclusion) of raw wheat fractions.
DSC: Gelatinization
Wheat fraction

To (°C)

Tp (°C)

Tc (°C)

Enthalpy (J/g)

Cracked wheat

61.34 ± 0.1

66.27 ± 0.07

74.87 ± 0.07

4.89 ± 0.11

Semolina

59.11 ± 0.03

63.93 ± 0.04

73.12 ± 0.86

5.65 ± 0.46

Whole wheat flour

61.40 ± 0.60

66.26 ± 0.42

75.40 ± 0.29

4.47 ± 0.59

Refined wheat flour

59.07

64.39

76.06

6.51
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Table 4.5 Anthropometric and fasting blood glucose characteristics of study participants.
Values expressed as means ± standard deviation (SD). Body mass index (BMI) was
calculated as weight (kg)/height (m)2
Males

Females

7

9

Age (y)

27.9 ± 4.1

25.6 ± 3.9

Height (m)

1.76 ± 2.4

1.61 ± 8.9

Weight (kg)

71.7 ± 5.7

55.9 ± 8.1

Body mass index (kg/m2)

23.0 ± 1.6

21.5 ± 1.9

Fasting blood glucose (mg/dL)

89.1 ± 5.0

81.9 ± 6.3

n
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Figure 4.1 General schematic of wheat milling process and points of collection for
various wheat fractions
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Figure 4.2 Pre-test and test day procedures for human study using continuous glucose
monitor (CGM) and 13C-octanoic acid breath test. Participants (n=16) were placed into
three testing groups, coming in for visits twice per week (Day 1 and Day 2) for six weeks
with at least a one week washout period.

100%

80%

Cracked wheat
Semolina
Whole wheat flour
Refined wheat flour
Coarse wheat bran
Fine wheat bran

% of starting weight

60%

40%

20%

0%
2360

-20%

1700

1000
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500
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180

150

125

74

Particle size (µm)

Figure 4.3 Range of particle sizes found within each wheat fraction. Values are expressed as means ± standard deviation.
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45000

Viscosity (cP)
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Cracked Semolina Whole
wheat
wheat
flour

Refined Refined Refined Cracked Semolina,
wheat
wheat
wheat
wheat 0.1% XG
flour
flour + flour + porridge,
coarse fine bran 0.1% XG
bran
Porridge meal

Figure 4.4 Viscosities of wheat porridges. Gray bars indicate initial porridge viscosities
that were significantly lower than other porridges. Black bars indicate all final matching
porridge viscosities. Values are expressed as mean ± SD (*indicates statistical
significance at p < 0.05).
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Figure 4.5 Differential scanning calorimetry curves of cooked wheat porridge test meals
indicating full gelatinization of starch.
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Figure 4.6 Half-emptying time and lag phase of wheat test meals using 13C-octanoic acid
breath test method (n=16). Values are expressed as means and SEM. CW: cracked wheat;
SEM: semolina; WWF: whole wheat flour; RWF: refined wheat flour; RC: reconstituted
wheat flour with coarse bran; RF: reconstituted wheat flour with fine bran.
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Figure 4.7 Average

13

C percent dose recovery (PDR) values over test session [CW:

cracked wheat; SEM: semolina; WWF: whole wheat flour; RWF: refined wheat flour; RC:
reconstituted wheat flour with coarse bran; RF: reconstituted wheat flour with fine bran].
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Figure 4.8 Average cumulative 13C percent dose recovery (PDR) values over test session
[CW: cracked wheat; SEM: semolina; WWF: whole wheat flour; RWF: refined wheat
flour; RC: reconstituted wheat flour with coarse bran; RF: reconstituted wheat flour with
fine bran].
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Figure 4.9 Distribution of individual half-emptying times of wheat test meals [CW:
cracked wheat; SEM: semolina; WWF: whole wheat flour; RWF: refined wheat flour;
RC: reconstituted wheat flour with coarse bran; RF: reconstituted wheat flour with fine
bran].
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*

Figure 4.10 Incremental area under the blood glucose response curves for 0 - 120 min
(AUC 120) of subjects after wheat test meals (n=16). Values are expressed as means and
SEM (AUCs computed using Matlab R2015a) [CW: cracked wheat; SEM: semolina;
WWF: whole wheat flour; RWF: refined wheat flour; RC: reconstituted wheat flour with
coarse bran; RF: reconstituted wheat flour with fine bran].
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Figure 4.11 Average changes in blood glucose levels from baseline glucose levels (mg/dl
x min). Values are shown as means and SEM [CW: cracked wheat; SEM: semolina;
WWF: whole wheat flour; RWF: refined wheat flour; RC: reconstituted wheat flour with
coarse bran; RF: reconstituted wheat flour with fine bran].

Figure 4.12 Participant visual analogue scale ratings for appetite questionnaire questions: A) “How strong is your desire to eat?”; B)
“How strong is your feeling of hunger?”; C) “How strong is your feeling of fullness?”; D) “How much food can you eat right now?”;
E) “How strong is your preoccupation with food?”; F) “How strong is your feeling of thirst?”; and G) “The shakiness of your hand
is…”. Values were adjusted to the baseline ratings and expressed as mean ± standard error [CW: cracked wheat; SEM: semolina;
WWF: whole wheat flour; RWF: refined wheat flour; RC: reconstituted wheat flour with coarse bran; RF: reconstituted wheat flour
with fine bran].
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Figure 4.12 Continued
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Figure 4.12 Continued
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Figure 4.12 Continued
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Figure 4.12 Continued
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Figure 4.12 Continued
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Figure 4.12 Continued
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STARCH DIGESTION OF WHOLE GRAIN
WHEAT VARYING IN PARTICLE SIZE AND VISUALIZATION
OF STARCH ENTRAPMENT USING CONFOCAL LASER
SCANNING MICROSCOPY

5.1

Abstract

Low postprandial glycemia has been reported with increased consumption of whole
grains and dietary fiber. Although starch comprises a larger portion of whole grains
compared to dietary fiber, not much attention has been given to how it governs the rate of
digestion and glucose release in these types of foods compared to fiber. Maintaining cell
wall structure is an approach that has been shown to reduce enzyme accessibility to starch
and slow the digestion of starch, ultimately leading to a lower glycemic response. To study
whether particle size and the presence of bran have a role in preserving cell wall integrity
throughout the digestion of whole grains and reducing starch digestion rate, whole wheatbased porridges varying in particle size (180 μm – 1700 μm) were prepared and digested
by α-amylase in vitro with and without applied shear. The effect of both particle size and
shear on cell wall integrity during starch digestion was visualized using confocal laser
scanning microscopy (CLSM) imaging. Starch digestion was lower for whole grain wheat
porridges in which shear was not applied prior to the addition of α-amylase, and for
porridges that were prepared from larger sized particles. In wheat fractions with a larger
particle size, although most cell wall structure was disrupted, some of the swelling of starch
granules appeared to be limited when entrapped within remaining intact cell wall structure.
Understanding the extent of the disruption or preservation of cell wall structure with shear
introduced during processing or within the stomach may give insight towards variability in
the rate of digestion of starch and postprandial glycemic response.

5.2

Introduction

Whole grains have been associated with lower postprandial glycemic response
compared to refined grains mainly due to increased intake of dietary fiber (Slavin et al.,
2003; Karl et al., 2017). However, low glycemic responses have also been observed in
foods that exhibit a slow in vitro starch digestion rate and would not necessarily be
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considered whole grain (Sands et al., 2009). Reasons for slow in vitro starch digestion have
be related to features that are inherent to or modified within starch structure, such as
branching density (Ao et al., 2007) or compactness of starch granules (Zhang et al., 2015),
or to physical properties, such as particle size or food matrix characteristics, that alter the
digestion pattern of starch (Heaton et al., 1988). Inherent features of grain structure, such
as intact cell walls, as well as properties that create a physical barrier to digestive enzymes
(Rovalino-Cordova et al., 2018), can prevent or retard enzyme accessibility to starch
granules and slow starch digestion.
Structure of cereal grains vary among sources, but generally speaking, cereal grains
are composed of the endosperm (80 – 85%), bran (10-14%) and germ (2.5 – 3%) (Fardet,
2010). The endosperm is the innermost layer of the cereal grain, and is composed of mostly
starch. The outer layer of the endosperm contains large “block-like” cells called aleurone
(6-9%), which are made up of mostly protein and dietary fiber, and contain no starch (Evars
and Millar, 2002). The outermost layer of grain, is known as pericarp (4-5%), which is a
component of the bran layer of cereals. Studies have recently investigated the location of
starch granules within intact plant cell walls, and how the individual cell walls of the cereal
endosperm surround the starch and prevent it from being digested (Dhital et al., 2016;
Bhattarai et al., 2017). Furthermore, disruption of the cell wall using homogenization or
shear techniques has been shown to release the entrapped starch from legumes and subject
it to digestion more easily (Dhital et al., 2016). Lower glycemic responses were also
observed when the endosperm cell wall structure remains intact throughout processing and
prevents digestive enzymes from reaching the starch granules (Edwards et al., 2015). In
regards to whole grains, one study has fabricated the a “whole-grain-like structural form”
using a Ca2+ -induced alginate gel and β-glucan to form a cell wall network surrounding
corn starch granules (Luo et al., 2018).. Forming this structure led to increased slowly
digestible starch and resistant starch contents, and reduced postprandial glycemic response
in mice, supporting the notion that inducing or creating a physical barrier around starch
within foods has a physiological impact.
Physical properties of a food, such as its particle size, energy density and viscosity
can affect its disintegration pattern in the stomach and the subsequent gastric emptying rate
(Kong and Singh, 2008), which then in turn alters a food’s starch digestion rate. Slow
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gastric emptying rate is highly associated with low postprandial blood glucose levels
(Horowitz et al., 1993), which is further related to a food’s in vitro starch digestion rate
(Englyst et al., 1999). In addition to various processing techniques used during food
preparation, ingested food undergoes high shear forces when it enters the stomach, where
its original form is highly altered and ground into smaller and smaller pieces until it is an
appropriate size (1-2 mm) for exiting the stomach through the pylorus (Schulze, 2006).
Although the high levels of shear that foods face during processing and within the stomach
may lower the chance of preserving intact cell walls, foods prepared with larger particle
sizes may still be able to retain some of its cell wall structure .
We hypothesized that starch adhering to the bran layer of whole grain particles may
be present in intact cells and be less digestible. In vitro starch digestions were completed
with and without shear to test the effect of the strong mixing and breakdown of a meal that
would occur within the stomach before the food particles enter the small intestine. Then, it
was investigated whether slow starch digestion was due to the entrapment of starch within
endosperm cell walls in whole grain wheat, or to the adherence of starch to the bran layer
of whole grain wheat, as it relates to particle size.

5.3

Materials

All wheat samples were of a hard red spring wheat variety supplied by Mennel
Milling Company (Fosteria, OH, USA). Cracked wheat (<1700 μm), semolina middlings
(425 μm), whole wheat flour (180 μm), refined wheat flour (180 μm) and wheat bran [fine
(180 μm) and coarse (1700 μm)] were used as differently sized wheat fractions from the
same milling stream.

5.4
5.4.1

Methods

Enzyme Activity of Alpha Amylase
Porcine pancreatic α-amylase (1 g, Sigma-Aldrich A3176, St. Louis, MO, USA)

was mixed with 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (10 mL, 50 mM,
pH 7) and centrifuged (8000 rpm, 4°C) for 15 minutes. The supernatant was collected and
centrifuged under the same condition for further purification of the enzyme. Wheat starch
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in MOPS buffer (50 mM, pH 7) at 10 mg/mL (w/v) was cooked for 15 min in a boiling
water bath with continuous stirring, and then was reacted with α-amylase (50 μL) for 3
minutes. One unit of enzyme activity was defined as the amount of enzyme that releases 1
mg of maltose from starch in three minutes. The amount of maltose produced was
determined using the 3,5-dinitrosalicylic acid (DNS) reducing sugars assay and preparation
of a maltose standard curve (1 mg/mL).

5.4.2

Total Starch Content of Wheats
Total starch content of all wheat samples was measured using the Megazyme Total

Starch Assay Kit (Megazyme, Bray, Ireland). Briefly, milled wheat samples (100 mg) were
dispersed in ethanol and dissolved in a 2 M KOH solution. Samples were then digested
with thermostable α-amylase (0.1 mL) and amyloglucosidase (0.1 mL) at 50°C for 30
minutes. Glucose was measured using the glucose oxidase/peroxidase (GOPOD) method,
and starch content was determined using a conversion factor of 0.9.

5.4.3

Starch Digestion Patterns of Wheat Porridges With and Without Shear

5.4.3.1 Preparation of Wheat Porridges and Use of Shear to Mimic Gastric Digestion
In order to observe the effect of different particle sizes within the same type of meal
on starch digestion, porridges were chosen as the meal form and matched for viscosity
using xanthan gum. Wheat porridges were prepared by making a slurry with the dry wheat
fractions and 50 mL of water. Additional water (50 ml) was heated to 80°C, the wheat
slurry was added, and the mixture was cooked for 5 minutes. Porridges were allowed to
cool for 15 minutes. One portion of porridge was subjected to high shear mixing (Polytron
PT2100, Kinematica, Bohemia, NY, USA) for 30 seconds at 11,000 rpm to mimic gastric
shear and the remaining portion was kept as is.
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5.4.3.2 In Vitro Starch Digestion of Wheat Porridges
In vitro starch digestions using α-amylase were based on the method of Zhang et al.
with slight modifications (Zhang et al., 2015). Cooked wheat porridge samples (100 mg)
were weighed into 50 mL Corning tubes and mixed with 5 mL of a pepsin solution (1
mg/mL in 0.02 M HCl, pH 2). Tubes were vortexed and incubated in a 37°C shaking water
bath (100 rpm) for 30 minutes. MOPS buffer (50 mM, pH 7) and two glass marbles were
added to each tube and an aliquot (0.2 mL) was removed for measurement of endogenous
reducing sugars. α-Amylase (3.4 U) was added to each tube at 30 second intervals, and
aliquots (0.2 mL) were removed at certain time points for up to two hours, vortexed, and
added to an ice-cold sodium carbonate solution (0.3 M, 0.2 mL) to stop the reaction. Tubes
were immediately placed on ice. Tubes were then centrifuged (16,000g) for 5 minutes to
remove undigested starch. Supernatants were measured for reducing sugars content using
DNS. Tubes containing DNS (400 μL) and sample supernatants (400 μL) were boiled for
10 minutes and immediately cooled on ice. Reducing sugars content was determined by
measuring absorbance at 540 nm using a microplate reader (Soft Max Pro 7 Software).
Native wheat starch was used as a control for all in vitro starch digestions and maltose (1
mg/mL) was used to prepare standard curves.
Starch pellets from wheat porridges containing bran (cracked wheat, whole wheat
flour, reconstituted wheat flour with coarse bran, and reconstituted wheat with fine bran)
were washed with de-ionized water twice and freeze-dried for further analysis.

5.4.3.3 Statistical Analysis
Starch digestion results were expressed as the means ± standard deviations of
triplicate measurements. One-way analysis of variance (ANOVA) was used in SigmaStat
4.0 statistical software (SysStat Software, Inc., San Jose, CA, USA) with a significance
level of p < 0.05.
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5.4.4

Sample Preparation and Visualization using Confocal Laser Scanning Microscopy
Native wheat samples and wheat porridges containing bran were labeled with two

different fluorochromes. Fluorescein isothiocyanate isomer I (FITC) (F7250, SigmaAldrich, St. Louis, MO, USA) and Calcofluor white (18909, Sigma-Aldrich, St. Louis, MO,
USA) were used to observe starch and cell walls, respectively, using an LSM700 confocal
microscope (Carls Zeiss, Germany). Excitation of 405 nm was used for calcofluor white
and 488 nm was used for FITC. The emission spectrum was automatically adjusted by Zen
2011 software coupled with the microscope.
For labeling of the starch, approximately 3-4 mg of sample was inundated with
FITC (2 mg/mL in ethanol) for four hours. Samples were washed several times with water
to remove unbound FITC. For labeling of cell walls, FITC-stained samples were placed on
glass slides, covered with 20 μL of Calcofluor white, and incubated in the dark for three
minutes. Excess Calcofluor white was adsorbed by a filter paper tip before observation.

5.5

5.5.1

Results

Starch Digestion of Wheat Porridges Without Shear
Wheat particles were left intact following the cooking process, and wheat porridges

were digested with α-amylase without shear being applied beforehand in order to see the
effect of particle size on the digestion of starch. Starch digestion curves can be found in
Figure 5.1.
Whole wheat flour and refined wheat flour had the highest amount of starch
digested compared to the other wheat porridges. This was expected since these porridges
were prepared with the smallest particle sizes. The reconstituted wheat flour porridge with
coarsely milled bran, and the cracked wheat porridge, the samples containing the largest
sized particles at 1700 μm, had the lowest amounts of starch digested. The reconstituted
flour porridge with fine bran had lower starch digestion compared to the whole wheat flour
porridge, which perhaps could be related to a lower accessibility to the starch in the wheat
bran that was added to the reconstituted flour blend. Semolina porridge had a slow increase
in the amount of starch digested, and after 120 minutes, it was on a trajectory towards
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further increase. Based on these findings, the amount of starch digested after 120 minutes
was dependent on the particle size of the meal content.

5.5.2

Starch Digestion of Wheat Porridges With Shear
Wheat porridges were digested with α-amylase after applying high shear mixing to

mimic particle breakdown within the stomach. The shear was also applied to try to release
starch that was potentially entrapped within the wheat bran cell wall structure. Starch
digestion curves can be found in Figure 5.2.
With shear applied to reduce the effect of particle size on starch digestion, refined
wheat flour and semolina porridges, the fractions that contain very low or no amount of
bran or other non-starch components, showed the highest amount of starch digested after
120 minutes. Whole wheat flour and the reconstituted wheat flour with fine bran porridges
followed, and the cracked wheat and reconstituted wheat flour with coarse bran porridge
had the lowest amount of starch digested, suggesting factors other than particle size were
controlling starch digestion.

5.5.3

Visualization of Starch Using CLSM

5.5.3.1 Native Wheat Fractions
Native cracked wheat, semolina, whole wheat flour, refined wheat flour, coarse
wheat bran and fine wheat bran were visualized by confocal microscopy to understand the
location of starch in relation to the endosperm cell walls and the bran components in wheat
fractions before the cooking and during digestion processes. Starch granules, along with
some protein, are colored bright green in the images, and the cell wall components are
colored blue.
Image of the cracked wheat fraction shows starch entrapped within the endosperm
cell walls (Figure 5.3). Semolina is a refined wheat fraction with no bran and was largely
starch granules still enclosed in endosperm cell walls, as well as free starch granules
(Figure 5.4). Whole wheat flour shows more unentrapped, free starch granules along with
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pieces of bran in which some of the intact cells contains a few starch granules (Figure 5.5).
Image of refined wheat flour also showed mostly free starch granules (Figure 5.6).
Native coarse wheat bran cell walls appear to have starch granules entrapped within
the individual intact cells (Figure 5.7A). Intact cell walls are also visible within fine wheat
bran, although there appears to be less starch granules entrapped within these (Figure 5.7B).
5.5.3.2 Wheat Porridges Containing Bran Without Shear Applied
Cooked porridges prepared from cracked wheat (< 1700 μm), whole wheat flour
(180 μm), and reconstituted blends containing refined wheat flour (180 μm) and coarse
(1700 μm) or fine (180 μm) wheat bran were visualized using confocal microscopy without
shear applied before the addition of digestive enzymes (time 0) and two hours after the
addition of α-amylase (time 120).
Starch appeared to be entrapped within the endosperm cell walls of the cracked
wheat porridge at 0 minutes (Figure 5.8a) and, after 120 minutes, there was still starch
entrapped within the cell wall structure. This could explain the low starch digestion pattern
that was observed for cracked wheat (Figure 5.8b). Very little starch was observed in the
whole wheat flour porridge even at 0 minutes, which could be due to a low amount of
sample that was available for analysis (Figure 5.9). After 120 minutes of digestion for the
reconstituted wheat flour with coarse bran porridge, images showed starch entrapped
within the endosperm cell walls when shear was not applied, as with the cracked wheat
porridge (Figure 5.10). For the reconstituted wheat flour with fine bran porridge, there were
starch granules unassociated with the cell wall (Figure 5.11a). After 120 minutes, there
were few starch granules remaining, with images mainly showing fragments of the pericarp
and aleurone, the outermost layer of the endosperm of the wheat kernel (Figure 5.11b).

5.5.3.3 Wheat Porridges Containing Bran With Shear Applied
Shear was applied before the addition of digestive enzymes to disrupt the intactness
of the cell wall structure and to mimic the shear within the stomach when foods are
consumed. For the cracked wheat porridge, while shear did appear to break some of the
cell walls and release the entrapped starch granules, some cell walls remained intact and
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contained starch granules (Figure 5.12a and Figure 5.12b), even after 120 minutes of
amylase digestion (Figure 5.12c). Intact cell walls may have limited starch gelatinization
in this sample by preventing more water from entering the starch granules, or by limiting
the extent to which entrapped starch could swell due to space constraints within the cell
(Brummer et al., 2015). Swollen starch granules may become tightly packed within cell
walls and reduce its accessibility to α-amylase (Zhang et al., 2015), which could then
explain the lower starch digestion patterns seen for the cracked wheat porridge. After 120
minutes of digestion, the whole wheat flour porridge showed mostly aleurone with very
little free starch granules remaining (Figure 5.13). There was not any starch seen with the
sheared reconstituted wheat flour with coarse bran porridge at 0 and 120 minutes (Figure
5.14a and Figure 5.14b). For the reconstituted wheat flour with fine bran porridge, there
was a high amount of agglomerated starch at 0 minutes, with few starch granules entrapped
within fragments of cell wall (Figure 5.15a, 5.15b and 5.15c). After 120 minutes of
digestion, mostly pericarp and aleurone fragments were seen with little remaining starch
(Figure 5.15d).

5.6

Conclusions and Discussion

Foods are exposed to many types of processing methods and conditions that
ultimately affect their breakdown and digestion within the body, and the amount of food
structure breakdown and transformation of these conditions can vary widely. Two stages
at which foods undergo intense processing or breakdown periods are: 1.) prior to
consumption, such as during milling, or during the cooking methods that are chosen; and
2.) after consumption, such as within the stomach where food is subjected to intense mixing
and grinding for particle size reduction. Maintaining a certain particle size may be one
approach to slow starch digestion by preserving the original cell wall structure of grains;
however, when foods with these particle sizes are consumed directly, they are still
subjected to the harsh physiological processing within the stomach. This study aimed to
relate the starch digestion patterns of wheat fractions to both particle size and the internal
structure of the grains. Changes in digestion and food structure due to the shear that occurs
within the stomach was also investigated.
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In this study, differences in starch digestion patterns were related to the particle size
of the wheat fractions used to prepare the porridges, which is in agreement with other
studies (Edwards et al., 2015). When particle sizes of the wheat fractions were kept intact,
lower amounts of starch were digested in the porridges containing the larger particle sizes,
which is likely due to less area accessible to digestive enzymes. When no shear was applied
to the cooked porridges, likewise there was less starch digested. Based on the confocal
microscope images, the digestion of starch may have also been influenced by the amount
that remains entrapped within the cell walls during any processing condition, which can be
related to the initial particle sizes of a food.
When shear was applied to the cooked porridges, or when the particle size
differences were reduced, the amount of starch digested increased, suggesting that applying
shear increased the availability of starch to α-amylase. Refined wheat flour and semolina
had similar amounts of starch digested when shear was applied indicating that the larger
particle size of semolina was reduced during shear. The amount of starch digested in nonsheared semolina was 21% lower, indicating that particle size is a significant factor in
digestion if it remains intact in the stomach. It is important to consider that while the
stomach reduces food particles to a certain size before allowing passage into the small
intestine, there is likely not an equal distribution of particle sizes that is reached. Both
particles that are at the larger end (1-2 mm) as well as at the smaller end (< 0.2mm) of the
particle size range that is allowed to empty from the stomach will be enzymatically digested
at different rates in the small intestine. For example, the starting particle size of semolina
(425 μm) is within the range that may be allowed to empty from the stomach without much
further grinding and particle size reduction and therefore, may enter the small intestine
close to its initial particle size and have a significant impact on moderating glycemic
response compared to a finely-milled flour (< 180 μm).
The microscopy images suggest that the slower starch digestion patterns seen with
the cracked wheat may be related to inhibited starch gelatinization within intact cell walls.
A previous study has suggested that the extent of starch gelatinization may be limited by
the entrapment of starch within cell walls in chickpeas, even at different particle sizes that
were collected during roller-milling, ranging from < 0.21 mm to 2.58 mm (Edwards et al.,
2015), and that this ultimately decreases starch hydrolysis rate. This same study used durum
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wheat of the same particle sizes as a comparison. Although starch hydrolysis was inversely
related to particle size in wheat, as was seen in the current study, no limitations in starch
gelatinization due to cell wall structure were observed and lower hydrolysis of starch was
not believed to be a result of limited starch gelatinization. It should also be noted that whole
grain samples largely varying in particle size throughout digestion are highly
heterogeneous and challenging to visualize using confocal microscopy. Therefore, the
images taken may not represent the state of the entire sample.
The initial particle sizes of food materials and the preservation of cell walls near
the bran layer of processed whole grain foods appear to be important factors related to the
magnitude of postprandial glycemia response. A large portion of the work investigating
intactness of cell wall structure and its impact on starch availability and digestion patterns
has been in legumes (Rovalino-Cordova et al., 2018; Dhital et al., 2016; Bhattarai et al.,
2017). This work shows a similar effect in large particle whole grain cereals. Further work
should examine changes in whole grain cell wall structure in cereal grains during
processing and identify relationships with subsequent physiological outcomes such as
glycemic response. With this information, a more mechanistic understanding of whole
grain digestion can be gathered.
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Figure 5.1 Starch digestion of cooked wheat porridges for up to 120 minutes without any
shear applied to test the effect of particle size. Values are expressed as means ± standard
deviation. Digestions were completed in triplicate [CW: Cracked wheat porridge; SEM:
Semolina porridge; WWF: Whole wheat flour porridge; RWF: Refined wheat flour
porridge; RC: Reconstituted porridge made with refined wheat flour and coarse bran; RF:
Reconstituted porridge made with refined wheat flour and fine bran].
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Figure 5.2 Starch digestion of cooked wheat porridges for up to 120 minutes after
applying high shear mixing to mimic gastric shear. Values are expressed as means ±
standard deviation. Digestions were completed in triplicate [CW: Cracked wheat
porridge; SEM: Semolina porridge; WWF: Whole wheat flour porridge; RWF: Refined
wheat flour porridge; RC: Reconstituted porridge made with refined wheat flour and
coarse bran; RF: Reconstituted porridge made with refined wheat flour and fine bran].
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Figure 5.3 Native cracked wheat with starch and endosperm cell walls labeled with FITC
(green) and Calcofluor White (blue), respectively.
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Figure 5.4 Native wheat semolina with starch and endosperm cell walls labeled with
FITC (green) and Calcofluor White (blue), respectively.
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Figure 5.5 Native whole wheat flour with starch and cell walls labeled with FITC (green)
and Calcofluor White (blue), respectively. Blue color is mostly aleurone.
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Figure 5.6 Native refined wheat flour with starch and cell walls labeled with FITC
(green) and Calcofluor White (blue), respectively.
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Figure 5.7 Native coarse (A) and fine (B) wheat bran with starch and cell walls
(aleurone) labeled with FITC (green) and Calcofluor White (blue), respectively.
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Figure 5.8 Cracked wheat porridge without shear applied before addition of digestive
enzymes (A) and after 120 minutes of enzymatic digestion (B) with starch and cell walls
labeled with FITC (green) and Calcofluor White (blue), respectively. Image on right
shows starch entrapped within cell walls in upper left, and aleurone at the lowermost part
of image.
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Figure 5.9 Whole wheat flour porridge without shear applied before addition of digestive
enzymes (A) and after 120 minutes of enzymatic digestion (B) with starch and cell walls
labeled with FITC (green) and Calcofluor White (blue), respectively. Image on left shows
pericarp fragment on the left side, aleurone in the center with a single starch granule.
Image on right shows pericarp fragments.
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Figure 5.10 Reconstituted wheat flour with coarse bran porridge without shear applied
after 120 minutes of enzymatic digestion with starch and cell walls labeled with FITC
(green) and Calcofluor White (blue), respectively.
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Figure 5.11 Reconstituted wheat flour with fine bran porridge without shear applied
before addition of digestive enzymes showing loose starch fragments (A) and after 120
minutes of enzymatic digestion with pericarp fragments and few starch granules (B).
Starch and cell walls labeled with FITC (green) and Calcofluor White (blue),
respectively.
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Figure 5.12 Cracked wheat porridge with shear applied. Images taken before addition of
digestive enzymes show more starch available for digestion (A) but some starch still
remains entrapped within cell wall structure (B). After 120 minutes of enzymatic
digestion shows starch that was entrapped within cell walls was left undigested (C).
Starch and cell walls labeled with FITC (green) and Calcofluor White (blue),
respectively.
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Figure 5.13 Whole wheat flour porridge with shear applied before addition of digestive
enzymes (A) and after 120 minutes of enzymatic digestion with pericarp fragments and
few starch granules (B). Starch and cell walls labeled with FITC (green) and Calcofluor
White (blue), respectively.
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Figure 5.14 Reconstituted wheat flour with coarse bran porridge with shear applied
before enzymatic digestion with starch and cell walls labeled with FITC (green) and
Calcofluor White (blue), respectively.
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Figure 5.15 Reconstituted wheat flour with fine bran porridge with shear applied. Before
enzymatic digestion images showing (A) loose starch fragments; (B) starch entrapped
within endosperm cell wall structure; and (C) loose starch granules surrounding pericarp
fragment, and after 120 minutes of enzymatic digestion with pericarp fragments and few
starch granules (D). Starch and cell walls labeled with FITC (green) and Calcofluor
White (blue), respectively.
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CONCLUSIONS AND FUTURE DIRECTIONS

6.1

Summary and Overall Conclusions

It is widely accepted that whole grains possess inherent benefits to glycemia and
overall health. The work presented in this dissertation aimed to identify and better
understand the factors that control the starch digestion of whole grains or whole grain foods,
as well as refined grain foods. In vitro starch digestions and analyses were conducted in
conjunction with two human studies as a means of finding relationships between the
starting properties of whole grain materials and final physiological outcomes, namely
gastric emptying rate and glycemic response. A summary of the thesis work and
considerations for future work on the nutritional and health aspects of whole grains are
described below.
The first experimental chapter, Chapter 3, focused on how the manipulation of
starch components within a refined grain would affect its starch digestion and gastric
emptying rate in humans compared to its whole grain form. A major goal of this work was
to increase the slowly digestible (SDS) and resistant starch (RS) fractions within a highamylose white rice varieties through temperature-cycling, slowing digestion and perhaps
triggering the ileal brake to slow gastric emptying rate, and compare it with the gastric
emptying rate of brown rice. Although in vitro starch digestion patterns indicated that
slowly digestible and resistant starch fractions were increased in the high-amylose white
rice variety, brown rice varieties maintained slower emptying rates regardless of amylose
content. This work was published in European Journal of Clinical Nutrition (Pletsch and
Hamaker, 2017).
Chapter 4 investigated the purported low glycemic property of whole grains and
whether this was limited by differences in particle size or by controlling certain variables.
The main finding from this work was that when properties such as viscosity, starch content,
particle size, and fiber content were matched among test meals, whole grain-based meals
did not show a lower glycemic response compared to refined grain-based meals. Glycemic
response of the test porridges appeared to be more dependent on particle size of the meals
than whether it was created with whole or refined grains.
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Chapter 5 examined the starch digestion patterns of a whole wheat meal with and
without applied shear, and relation to the intactness of the cell wall structure of the grain.
In this study, it appeared that intact cell wall structures limited the extent of starch
gelatinization and access of enzymes to degrade starch, and lowered the amount of starch
that was digested. The starch digestion patterns and intactness of cell wall structures also
appeared to be dependent on the starting particle size of the meal.

6.2

Future Directions

Investigating the nutritional and health aspects of whole grains and whole grain
foods presents challenges considering the extensive properties that the individual grain
components can possess, especially throughout various sets of processing or preparation
methods. There are discrepancies in not only how whole grain studies are carried out, but
also how this information is reported and interpreted in regards to other lifestyle factors.
The results from Chapter 3 suggest that understanding which properties of the grain
or starch that are necessary to induce slow digestion and gastric emptying, as well as low
glycemic response, will be helpful in designing low glycemic carbohydrate-based foods.
This study draws attention to the physical properties of whole grains that may influence
gastric emptying rate and glycemic response, and led to the investigation of a particular
physical attribute, particle size, in further work.
The study from Chapter 4 emphasized the importance of controlling for whole grain
food factors in human studies as a means of understanding the mechanisms of whole grain
digestion and their specific health outcomes. It is important to understand the role of whole
grains in an overall diet. However, in order to identify specific properties that whole grains
possess that may drive certain physiological benefits such as low glycemia, future
experimental designs should focus on reducing the number of confounding factors that
exist within long-term clinical studies investigating whole grains or whole grain foods.
Future whole grain studies should aim to match test foods or meals in texture and
palatability, as well as overall nutrient composition so that the characteristics of interest
can be distinguished. This study indicated that a food that is considered whole grain by
regulatory definition does not necessarily elicit a low glycemic effect, so future work
should examine the forms or conditions under which whole grains might lower glycemia,
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to provide more consistent information on their health effects. Moving forward, further
dissection and focus on various whole grain components should be completed to
understand their potential individual impact on glycemia. Here, we identified particle size
as the main variable associated with lower glycemic response. Next steps should examine
variations of other factors, such as the level of dietary fiber, when other chemical and
physical properties are controlled. In doing so, whole grain products, along with other food
products, can be optimized for health-related properties. The long term effects of
consuming a whole grain-based diet, and how this would be defined, is also in need of
further investigation.
Chapter 5 led to consideration for future work pertaining to how heterogeneous
samples such as whole grains are studied using imaging analysis over time, particularly
during a digestion process. Despite problems such as imaging of one location in a time
course manner, it is still useful to visualize the location of starch within whole grain
samples in regards to the bran layer and endosperm cell wall structure. Understanding how
different types of processing that whole grain foods undergo affect the intactness of cell
wall structure could provide insight towards the digestion of starch and related
physiological outcomes.
Using a well-controlled design to understand whole grain factors related to
postprandial glycemia, a long-term clinical study will provide a mechanistic understanding
of whole grain health benefits. It would be helpful to include gastric emptying rate as an
additional measurement outcome to assess its role in overall energy delivery of foods.
Measuring emptying rates, glycemic and insulinemic responses, and appetite hormones
together would help create an overall understanding of the physiological responses
involved in whole grain digestion.
The negative finding of this thesis that whole grains did not lower glycemic or slow
gastric emptying rate, begs the question of why whole grain foods are associated with these
attributes. Certain whole grain foods may be low glycemic, but this is probably due to other
material or physical factors of the foods made from them. For instance, dense whole grain
breads could retain particle dimensions in the stomach and small intestine that are
inherently slowly digestible. This, and the other possibility of ileal digesting starch
triggering the ileal brake and gut-brain axis mechanisms, could both affect postprandial
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glycemia and appetite. Overall, further efforts should be made to identify properties of the
individual whole grain components, as well as the final food product form, to leverage for
associated health benefits.

6.3
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APPENDIX A. SUPPLEMENTARY SURVEYS

A-1 SUBJECT PRESCREENING SURVEY FOR
“UNDERSTANDING ASPECTS OF CARBOHYDRATE QUALITY
IN RICE RELATED TO EXTENDED ENERGY DELIVERY”
RESEARCH STUDY
Height (in): ____________

Weight (lb): ___________

Birthdate (MM/DD/YY): ___________

Please answer the following questions by circling your response:

1. Have you ever had any of the following:

Diabetes
diseases

Gastrointestinal diseases

Cardiovascular

None of these apply to me

2. How would you currently describe your weight management goal?

Lose weight

Maintain weight

3. How would you describe your rice type preference?
a. I prefer white rice

Gain weight
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b. I prefer brown rice
c. I have no preference between either white or brown rice
4. If you chose ‘a’ or ‘b’ in 4, please briefly explain why:

5. How would you describe your grain eating choices?
a. I normally consume refined grains
b. I normally consume whole grains
c. I have no preference between refined and whole grains
6. If you chose ‘a’ or ‘b’ in 6, please briefly explain why:
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A-2 PRESCREENING SURVEY FOR “IDENTIFYING HEALTHPROMOTING PROPERTIES OF WHOLE GRAINS” RESEARCH
STUDY
WG Prescreening Form
First and last name:

Email address:

Height (inches):

Weight (lb):

Age:

Have you ever had any of the following:
Diabetes
Gastrointestinal disease
Cardiovascular disease
Other
I have no diseases or conditions that I am aware of.
How would you describe your weight management goal?
I am trying to lose weight.
I am trying to gain weight.
I am maintaining my current weight.
Do you have any wheat allergies, gluten intolerances or gluten sensitivities?
Yes
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No
Not sure
How would you describe your grain eating choices? If you choose one of the first two
options, please share why:
I normally consume refined grains (e.g. white bread, regular pasta, white rice,
etc.)
I normally consume whole grains (e.g. whole grain bread, whole wheat pasta, brown
rice, etc.)
I consume both refined and whole grain foods
Are you currently pregnant (expecting) or nursing?
Yes, I am expecting.

No, I am not currently expecting or
nursing.

Yes, I am nursing.
Availability
This study would require multiple visits. You would be expected to arrive at 7:45am, on
one day per week for six consecutive weeks, and remain for 4-4.5 hours. During the session,
you are free to bring a laptop and/or do whatever you'd like, as long as you remain in the
testing area for the entire time.

If you were selected to be a participant in the study, which day(s) of the week would work
best for you (7:45am - 12:30pm)? Please drag the days to rank them in the order of your
preference (1 = most preferred test day; 4 = least preferred test day).
Tuesday
Wednesday
Thursday
Friday
Saturday
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Are there any days that definitely would NOT work for you?
Tuesday

Friday

Wednesday

Saturday

Thursday
Powered by Qualtrics
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A-3 APPETITE QUESTIONNAIRE (ISSUED VIA PURDUE
QUALTRICS) FOR “IDENTIFYING HEALTH-PROMOTING
PROPERTIES OF WHOLE GRAINS” RESEARCH STUDY

Subject Number (written on your glucose monitor bag and breath bags)
________________________________________________________________

Test Number (This can be found at the top of the timesheet)
________________________________________________________________

Please select the current timepoint you are at:

o Before eating the test meal
o Immediately after eating the test meal
o 30 min after eating the test meal
o 60 min after eating test meal
o 90 min after eating test meal
o 120 min after eating test meal
o 150 min after eating test meal
o 180 min after eating test meal
o 210 min after eating test meal
o 240 min after eating test meal
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Please drag the cursor to the appropriate position on the scale for the following seven
questions.

How strong is your desire to eat? (This is not related to how much you can eat)</div>
Not at all

Extremely

Not at all

Extremely

Not at all

Extremely

None at all

An extremely large
amount

How strong is your feeling of hunger?

How strong is your feeling of fullness?

How much food could you eat right now?
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How strong is your preoccupation with food?
Not at all

Extremely

Not at all

Extremely

Not at all

Extremely

How strong is your feeling of thirst?

The shakiness of your hand is......
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APPENDIX B. SUPPLEMENTARY FORMS

B-1 INSTITUTIONAL REVIEW BOARD APPROVED CONSENT
FORM FOR “UNDERSTANDING ASPECTS OF CARBOHYDRATE
QUALITY IN RICE RELATED TO EXTENDED ENERGY
DELIVERY” RESEARCH STUDY
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B-1 Continued

177

B-1 Continued
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B-2 PRESCREENING CONSENT FORM (ISSUED VIA PURDUE
QUALTRICS) FOR “IDENTIFYING HEALTH-PROMOTING
PROPERTIES OF WHOLE GRAINS” RESEARCH STUDY
Study Information
Thank you for your interest in this study! The purpose of this study is to more fully
understand how whole grain foods may differently affect overall health.

Here is more information on what you could expect if you were a participant:

Before the first test session: General physical information will be gathered from you, such
as your height, weight, gender, and age. If you choose to participate in this study and if you
meet the inclusion criteria and availability permits, you will be allowed to be in the study.

On the day before each test day, you would be required to come into the laboratory for a
quick visit to have a small sensor patch attached to your abdomen to monitor changes in
blood glucose at each test session. The sensor is inserted just beneath your skin using an
applicator composed of a flexible wire within a thin introducer needle (sensor size: 0.25
mm; sensor length: 13 mm). The needle is used only for inserting the sensor and is removed
with the applicator and as the sensor is set in place. This should not cause any pain, and
you will not notice any discomfort from the sensor as you go through your normal
daily activities. Two hours later, you will need to come back in to NLSN B247 to have
one finger prick blood measurement taken for calibration of the glucose monitor. You will
be also required to fast for 10 hours the night before each visit (no breakfast) and refrain
from any heavy physical activity outside of your normal routine.

Test day: On the test day, two finger prick blood measurements, with supervision, will also
be taken to properly calibrate the glucose monitor before each test session. You will be
required to keep the patch on with the monitor nearby throughout the test session, and it
will be removed after each test day. At each visit, and after your finger prick blood
measurements are completed, you will consume a portion of a wheat-based porridge that
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is comparable to a normal serving size (~400 grams) that contains a non-radioactive tracer.
You will be required to breathe into small pouches throughout the test session every 15
minutes for four hours. During this time, you may bring anything with you to work on or
keep yourself entertained as long as you remain in the test room for the entire time. Your
total visit may last up to five hours.

In addition, before, during, and after each session, you will also be asked to fill out a short
questionnaire with questions regarding your hunger and fullness at those times via
Qualtrics,

a

secure

online

survey

system.

Day after test day or on the test day, you will come into the laboratory briefly to have the
glucose monitoring patch removed from your abdomen.
After receiving more information on this study, do you wish to continue with the
Prescreening Form?
Yes
No

WG Prescreening Consent
Please indicate your consent to complete the prescreening form.

I consent to answer the following prescreening form for the study, Identifying healthpromoting properties of whole grains. I understand that this does not obligate me to
participate in the study, and that by filling out the form I will not necessarily be a participant
in the study. I also understand that I will not receive compensation for completing the
prescreening forms.
Yes, I give my consent.
No, I do not give my consent.
Please type your name below:
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B-3 INSTITUTIONAL REVIEW BOARD APPROVED CONSENT
FORM FOR “IDENTIFYING HEALTH-PROMOTING PROPERTIES
OF WHOLE GRAINS” RESEARCH STUDY
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B-3 Continued
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APPENDIX C. SUPPLEMENTARY FIGURES

A

B

Figure C.1 Particle size distributions of a.) refined wheat flour and b.) whole wheat flour
using laser diffraction analysis. Flours were measured in triplicate.
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Figure C.2 Relative monosaccharide abundances* measured of fine and coarse milled
wheat bran (mg/100 mg). Letter(s) indicate significant differences.
*relative to neutral sugars (rhamnose, arabinose, xylose, mannose, galactose, glucose)
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